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ABSTRACT
The USGS TRIGA Reactor (GSTR) located at the Denver Federal Center in Lakewood
Colorado provides opportunities to Colorado School of Mines students to do experimental
research in the field of neutron activation analysis. The scope of this thesis is to obtain precise
knowledge of neutron flux parameters at the GSTR. The Colorado School of Mines Nuclear
Physics group intends to develop several research projects at the GSTR, which requires the
precise knowledge of neutron fluxes and energy distributions in several irradiation locations.
The fuel burn-up of the new GSTR fuel configuration and the thermal neutron flux of the
core were recalculated since the GSTR core configuration had been changed with the addition
of two new fuel elements. Therefore, a MCNP software package was used to incorporate the
burn up of reactor fuel and to determine the neutron flux at different irradiation locations and
at flux monitoring bores. These simulation results were compared with neutron activation
analysis results using activated diluted gold wires.
A well calibrated and stable germanium detector setup as well as fourteen samplers were
designed and built to achieve accuracy in the measurement of the neutron flux. Furthermore,
the flux monitoring bores of the GSTR core were used for the first time to measure neutron
flux experimentally and to compare to MCNP simulation.
In addition, International Atomic Energy Agency (IAEA) standard materials were used
along with USGS national standard materials in a previously well calibrated irradiation
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The USGS TRIGA Reactor located at the Denver Federal Center, Lakewood, CO provides
opportunities to Colorado School of Mines students to do experimental research in the field
of neutron activation analysis. Typically, samples are measured and compared to a standard
in the same sample location experiencing the same neutron flux. These standards are either
metal foils or soil/element mixtures standardized by a national standards organization like
the National Institute of Standards and Technology (NIST). Standard sources are used to
obtain the detection efficiency curves for germanium detectors.
Neutron activation analysis (NAA) is a technique that uses a source of neutrons to
activate samples which are analyzed through measurement of the gamma-rays emitted from
radioactive isotopes produced in the sample. One of the applications of this technique is
to quantify the neutron flux of a nuclear reactor. Knowledge of neutron flux is a critical
parameter in any nuclear reactor for fuel burn-up calculations and reactor planning purposes.
A necessity for achieving good precision and accuracy in the measurement of the neutron
flux via NAA with standards is to have a well calibrated and stable germanium detector
setup. In this project, several tests with four calibrated sources from three different man-
ufacturers as well a stability measurements were performed at the CSM lab in the Denver
Federal Center.
A group of CSM students and GSTR staff developed a Monte Carlo N-Particle (MCNP)
code to simulate the USGS TRIGA Reactor. The fuel configuration has been changed in the
last few years several times; therefore, in this work, the MCNP model for the TRIGA was
modified to match the current fuel configuration. This included the addition of two new fuel
elements. In order to potentially move away from the extensive use of standards, it would be
in principle important to understand the neutron flux via MCNP simulation. To this end,
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fuel burn-up (the measure of uranium burned in the reactor [1]) was calculated and updated
in the GSTR MCNP model. Then, the MCNP model was compared with experimental
results.
In the USGS TRIGA core, there are 20 flux monitoring bores on concentric circles in the
top core plate. Their intended use was to allow for the positioning of activation samples to
measure neutron flux absolutely (in principle), but definitely neutron flux ratios to deter-
mine core flux symmetry. These bore locations had never been used before this thesis for
neutron flux measurements. 14 samplers were designed and built to fit in the flux monitoring
bores. These measurements used sample sizes, positions, and sample locations which do not
need removal of instrumentation or fuel elements and therefore should not disrupt normal
operating parameters significantly.
Another objective of this thesis is to add to the national standards used at the TRIGA a
set of measurements using international standards available from the International Atomic
Energy Agency (IAEA). In order to achieve this objective, the approach used at the TRIGA
Mark II reactor of the Malaysian Nuclear Agency (MNA) was followed. Their approach
was to determine the neutron flux parameters by neutron activation analysis (NAA) and
they evaluated and published their experimental results with the certified values of IAEA
standards [2–4].
When modeling the GSTR core one is limited due to lack of knowledge on the history of
some fuel rods. This leads to educated guesses in choosing the fuel distribution for achieving
a symmetric neutron flux in the core. This thesis attempts to provide an experimental
method using existing bores to test the core symmetry. The stable germanium detector setup
necessary for this endeavor was also tested using international standards to give confidence




The overview of this chapter contains background information on the TRIGA reactor
type in general and specifically on the USGS TRIGA reactor that is located in Lakewood,
CO. Next is a description of the High-Purity Germanium detector (HPGe) which will be
used to perform precise measurements of the activated samples. This chapter also includes a
brief description of the Monte Carlo N-Particle code (MCNP). The neutron flux parameters
and NAA are described at the end of this chapter.
2.1 Research Reactor
Many power plants use nuclear reactors to generate electrical power. There are also
other uses for nuclear reactors such as propulsion (submarine and rocket), desalination and
hydrogen production. One important nuclear reactor type are the so-called research reactors
which are used for training, research and isotope production.
Major components of nuclear reactors include fissile fuel, core, control rods, moderator,
coolant, structure and reflector. The most common fissile fuel used is uranium dioxide (UO2).
The core contains fuels, control rods, a moderator and coolant. The nuclear chain reaction,
the interaction between neutrons and fissile fuels that release energy, can be controlled by
the insertion or removal of the control rods. The velocity of the neutrons can be reduced by
the moderator in order to cause more interaction and fission. Moderators should have mass
numbers with a small absorption cross-section and large scattering cross-section. Moderator
types include light water, heavy water, beryllium, hydrogen, and graphite. The temperature
inside the reactor core is reduced by the coolant. The use of the reflector is to direct as many
neutrons back as possible into the core to minimize the leakage from the core.
The classes of research reactors are Aqueous homogeneous reactor, Argonaut class reactor,
DIDO, TRIGA, SLOWPOKE and Miniature neutron source reactor. In this project, the
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focus is on one type of research reactor which is the TRIGA reactor.
2.2 TRIGA Reactor
In the 1950s, General Atomic developed a research reactor which used low enriched
uranium and had inherent safety features [5]. The TRIGA reactor is a non-electrical power
nuclear reactor that is used for training, research, isotope production, etc. Sixty-six TRIGA
reactors have been sold in 24 countries by General Atomics [6]. Three models of the TRIGA
have been produced, which are Mark-I, underground pool without beam tubes; Mark-II,
above ground tank with several beam tubes; and Mark-III, above ground oval tank with
movable core [5]. The TRIGA is a pool-type reactor cooled and moderated by light water and
uses uranium zirconium hydride fuel (UZrH). The thermal power levels of TRIGA reactors
vary from less than 0.1 to 16 megawatt. In pulsed operation up to 22,000 megawatt peak
power can be achieved and the TRIGA can return in a few thousandths of a second to a
safe low power [7]. Edward Teller designed the first reactor that would operate at a steady
level and without fuel damage, even if the control rods were removed suddenly [7]. Thus,
the TRIGA is the only reactor that is inherently safe, presenting a low level of danger even
when things go wrong. For this reason, many TRIGA reactors could be located in hospitals,
government facilities, industrial laboratories and university campuses [6].
2.2.1 US Geological Survey TRIGA Reactor
The US Geological Survey TRIGA Reactor (GSTR) is located at the Federal Center in
Lakewood, Colorado. It is a TRIGA Mark I pool-type reactor designed by General Atomics
in 1960, see Figure 2.1. It typically operates on low-enriched uranium fuel at power levels
up to 1 MW. The reactor can reach up to 1000 MW peak power when it is pulsed [7]. In
the pulsed operation, the reactor becomes supercritical for short bursts of time [8]. The
GSTR has the same main components as other types of nuclear reactor, such as a core,
fissile fuel, control rods, a moderator and a reflector. The GSTR is equipped with several
irradiation facilities including the Lazy Susan, an irradiation facility that revolves around the
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core, for uniform irradiations; central thimble for high flux irradiation; external irradiation
tubes, and flux monitoring holes [7]. It is the only reactor in the United States that is
licensed to perform an automated delayed neutron analysis for analysing fissile and fissionable
isotopes [9]. Any experiment needing an intense neutron source can be performed at the
reactor, such as neutron irradiations for argon isotopic dating, neutron activation analysis,
uranium and thorium analysis by delayed neutron counting, radioisotope production, gamma
spectrometry, and fission track experiments [9]. The GSTR is very safe, and its design
prevents a core meltdown [9]. The power levels, fuel temperature and water temperature
can be monitored by the control system [9].
Figure 2.1: Blue glow from the operation of the GSTR.
2.2.1.1 Core
The core of the GSTR manifests the housing for fuel elements which is submerged in a
light water-filled pool. The diameter and depth of the GSTR pool are 213 cm and 762 cm,
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respectively. The height of the GSTR core is 64.77 cm, and its radius is 26.51 cm measured
to the inside of the Lazy Susan [10], see Figure 2.3. There are 125 fuel element locations
distributed along 6 concentric rings named as A (central thimble), B, C, D, E, F and G, which
respectively contain 1, 6, 12, 18, 24, 30 and 36 holes for fuel elements, graphite elements,
control rods and neutron sources [11], see Figure 2.2. The core has 20 flux monitoring bores,
and 14 of these bores were deemed accessible and used in this thesis to determine the neutron
flux at different locations all around the core.
Figure 2.2: Element positions of the GSTR core.
6
(a) Side view of the GSTR reactor core. (b) Isometric view of the GSTR reactor core.
Figure 2.3: Schematic of the GSTR reactor core.
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2.2.1.2 Fuel
Due to the limited availability of its fuel, many TRIGA reactors are operated with a mixed
core that has different types of fuel elements [5]. The GSTR fuel uses cylindrical fuel elements
with <20% Uranium-235 in a zirconium-hydride matrix [12]. All fuel elements of the GSTR
are clad with either aluminum or stainless steel. The GSTR uses three types of fuel elements:
aluminum clad 8 weight percent (wt%) (weight percent, the fuel contains 8% of the weight
of uranium), stainless steel clad 8.5 wt% and stainless steel 12 wt%. The overall length (pin
to pin) for all GSTR fuel types is 72.06 cm. The diameter of aluminum clad and stainless
steel clad fuels are 3.67 cm and 3.73 cm, respectively. The fuel total length of aluminum
clad and stainless steel clad fuels are 38.10 cm and 35.56 cm, respectively. A aluminum clad
fuel element contains two thin wafers of samarium burnable poison (thickness of 0.13 cm),
located at each end of the fuel section of each element in order to absorb neutrons [12]. The
aluminum clad fuel elements are located in the F and G rings (Figure 2.4a). A stainless
steel clad fuel element is 72.06 cm tall and 3.73 cm in diameter. The stainless steel clad fuel
element has a zirconium rod in the middle (Figure 2.4b). Table 2.1 shows the GSTR fuel
types and physical properties.
All fuel elements have pins at both ends. The bottom pin is used to support the fuel
element in the bottom grid plate. The top pin is terminated by a knob used for fuel handling
and for supporting the fuel elements on the upper grid plate [12].
2.2.1.3 Control Rods
The four control rods of the GSTR are located in the C and D rings (Figure 2.6). Three
boron-enriched graphite control rods are followed by fuel, and the fourth one is followed by
a void. The control rods followed by fuel are the shim 1, shim 2, and regulating rods. They
contain stainless steel clad fuel. There is a neutron absorber (boron carbide in solid form) on
top of the fuel element. The control rod followed by void is the transient rod. Synchronous
AC motors drive the shim 1 and shim 2 control rods, while the regulating rod is driven by
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Table 2.1: GSTR fuel types and physical properties [12]
Fuel element property Aluminum clad Stainless steel clad
8.0 wt% U 8.5 wt% U 12 wt% U
Diameter (cm) 3.76 3.73 3.73
235U mass in grams 36 39 55
235U enrichment (wt%) <20 <20 <20
Weight percent Uranium in fuel rod 8 8.5 12
Cladding material aluminum stainless steel stainless steel
Cladding thickness (cm) 0.08 0.05 0.05
Recommended operating temp ( ◦C) 530 800 800
Burnable poison a Yes, 0.13cm, Sm No No
a Samarium trioxide is added as a burnable poison between the graphite and fuel in order to
absorb neutrons.
a stepper motor [13].
Figure 2.5 details the fuel follower control rod and void follower control rod. The cladding
material of the fuel follower control rod is stainless steel, and the cladding for the void
follower control rod is aluminum. The outer diameter of the fuel and void follower control
rods are 3.49 cm and 3.18 cm , respectively. These control rods determine the power level
of the GSTR by maintaining given levels in 3 neutron flux monitors (1 fission chamber, 2
boron lined ionization chambers) which are mounted in different locations outside of the
core. These monitors are calibrated approximately annually in a heating study in which
the reactor is thermally isolated during operation and its temperature increase (due to the
generated power) monitored.
2.2.1.4 Reflector
The GSTR is surrounded by a graphite reflector in order to provide additional moderation
and reduction of the neutron kinetic energy, thereby increasing fission probabilities, and
through reflection limiting neutron leakage. The reflector is 112.08 cm in diameter and
59.37 cm tall. The Lazy Susan is located inside the graphite reflector but outside the reactor
core. The Lazy Susan can hold up to 40 samples for irradiation at the same time. These
samples can be loaded and unloaded remotely.
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(a) Aluminum clad fuel rod. (b) Stainless steel clad fuel rod.
Figure 2.4: Schematic of the GSTR fuels.
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(a) Fuel follower control rod. (b) Void follower control rod.
Figure 2.5: Schematic of the GSTR control rods.
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Figure 2.6: Radial view of the USGS TRIGA reactor core.
Figure 2.6 illustrates the reflector, Lazy Susan, central thimble, control rods, sample
holder (discussed in chapter 4) and neutron flux monitoring bores of the USGS TRIGA core.
2.3 Semiconductor Detectors
The system of all semiconductor detectors include the same basic functions [14]. The
radiation is absorbed by the sensor material of the detector and converted to an electrical
signal. The preamplifier integrates the weak electron signal and transfers it to the shaping
amplifier, which shapes the signal and suppresses the noise to get accurate measurements.
After that, the multichannel analyzer (MCA) receives the shaped and amplified pulse to
produce the energy spectrum of the sample (Figure 2.7). The pulse height is typically
proportional to the energy deposited in the detector. This way, an energy spectrum of the
detected radiation can be measured.
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Figure 2.7: Schematic diagram of the basic detector function and the output from each stage.
Germanium and silicon are the most commonly used semiconductor detector materi-
als [14]. Semiconductor germanium detectors are commonly used to detect gamma-rays
with energies varying from 0.1 to ∼20 MeV when high energy resolution is needed [15].
The emission rate and the energy of the gamma radiation from a radioactive sample can be
determined by gamma spectroscopy [16].
2.3.1 High-Purity Germanium Detectors
The High-Purity Germanium detector (HPGe) is one of the best radiation detection
technologies which gives excellent resolution and relatively high efficiency in analyzing the
gamma-ray spectroscopy of radioactive isotopes. A germanium detector must be cooled to
liquid nitrogen temperatures (77 K) to produce spectroscopic data because of the low energy
band-gap (0.7 eV) between valence and conduction band (Figure 2.8). The best way to
reduce thermal leakage of valence electrons into the conduction band is to cool the HPGe
detector with liquid nitrogen. Here, the low temperature reduces also the noise level due to
thermal electrons reaching the conduction band. In order to preserve the maximum energy
resolution and ensure stability, the HPGe detector should be kept cooled all the time.
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Figure 2.8: Schematic diagram of energy bands for HPGe detectors.
In order to measure the neutron flux parameters of the GSTR accurately via NAA, a
germanium detector, which is the HPGe “Loaner 4” detector, that is located at the CSM
lab in the USGS Reactor building at the Denver Federal Center in Lakewood, Colorado, was
fitted with a specific setup as shown in Figure 2.9 and calibrated using standard radionuclide
sources. Stability and reproducibility of the HPGe detector are essential features. Several
calibration and stability tests have been performed and the results are discussed in chapter
3.
A schematic diagram of detector, amplifier and the MCA is shown in Figure 2.10. The
high reverse voltage bias is supplied separately but the detector and the preamplifier are
combined in an integrated unit [17]. The co-located preamplifier is one of the most important
components because it minimizes electronic noise since the initial signal is very weak [15].
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Figure 2.9: The HPGe “Loaner 4” detector setup.
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The amplifier shapes the preamplifier signal and filters out some noise [15]. The amplifier
Figure 2.10: A schematic diagram of HPGe detector setup.
is connected to a PC that runs a Maestro data display as well as analysis software. The
MAESTRO analysis software was used to identify the peaks in the spectra and extract peak
content as well as error. The high reverse voltage bias is to form a depletion region in the
bulk of the detector [16]. The MCA is used to collect and store pulses representing the
radiation energy deposited [18]. Any calibrated source with a well known nuclide activity
and gamma emission probability can be used to calibrate the HPGe detector [18] and to
determine the gamma-ray spectrum. There are many good standard sources for calibration
such as Eu-152, Cs-137, Co-60, etc.
2.4 Monte Carlo N-Particle
The Monte Carlo N-Particle (MCNP) software package is a transport code for neutrons,
electrons and photons used in simulating nuclear processes [19]. It is used to calculate coupled
neutron-photon-electron transport [20]. The code can solve a three-dimensional configuration
problem [19]. Also, it can tally particle current, particle flux, and energy deposition. The
MCNP code was developed at Los Alamos National Laboratory and is distributed within
the United States by the Radiation Safety Information Computational Center (RSICC) in
Oak Ridge, TN [21].
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There are many specific areas of application for MCNP such as nuclear physics, radiation
measurement and dosimetry, radiation shielding, radiation safety, medical isotopes, nuclear
safety, detector design and analysis, fission and fusion reactor design, and nuclear reactor
physics. [22].
In the MCNP code, neutrons are modeled from 0 to 20 MeV, and photons and electrons
are modeled from 1 keV to 100 GeV [20]. A standard feature is to calculate keff , a measure
of criticality safety [23], eigenvalues for fissile systems [24]. The user of MCNP can create an
input file that contains all information about the problem like description of the geometry
and its specification, the materials specifications, cross-section details, characteristics of the
neutron, photon, or electron source and where it is located or the type of tallies [24].
Some of the nuclear and atomic data libraries that have been used in MCNP are the
Evaluated Nuclear Data File (ENDF) system, Advanced Computational Technology Initia-
tive (ACTI), and the Evaluated Nuclear Data Library (ENDL) [24]. One of the advantages
of MCNP is the ability of the user to identify the source conditions of the problem like en-
ergy, time, position, and direction. Also, the user can extend the ability of source variables
by depending on other source variables [24], as an example, position as a function of time.
The Monte Carlo method provides only a specific output which can be controlled by the
user. The tallies are used to specify the user desired output data from MCNP, such as current
integrated over a surface, flux averaged over a surface or a cell, and flux at a point [24]. In
the output file, several tables summarize the results and help the user to understand how
the MCNP code iterated and ran the problem [24].
The GSTR MCNP model core was created by a group of CSM students and GSTR staff
to simulate the GSTR core [10]. It was developed based on an old fuel configuration. Thus,
the model had to be updated to conform with the current fuel configuration. Also, the GSTR
was running for several years since the GSTR MCNP model core was created which means,
the reactor had burned some fuel. It would be beneficial to understand the neutron flux
via MCNP simulation, but burn-up calculations have a large inherent error. Consequently,
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adjusting the existing burn-up calculations in the MCNP core model to predict the current
neutron flux for comparison to our benchmark measurements is one important objective of
this thesis.
2.4.1 Fuel Burn-up
Fuel burn-up is a measure of how much uranium in a given fuel element burnt in the
nuclear reactor by chain reaction, and it is measured in gigawatt-days per metric ton of
uranium (GWd/MTU). The power of the reactor and the age of the fuel have a major effect





where, B is the fuel burn-up in [GWd/MTU]; Pth is the thermal power of the nuclear reactor
in [GW]; T is the time of operation in [days], and mo is the initial mass of the fuel in [MTU].
Any burn-up over 45 GWd/MTU is high burn-up [1].
The GSTR staff derived an equation that is used to calculate the consumed U-235 in
grams as a function of energy for the core and in each fuel rod by equation (2.2) and
equation (2.3), respectively. It has been approved by the Nuclear Regulatory Commission
(NRC) [10].
M235U = E × 0.05158 (2.2)
M235U =
E × 0.05158 × PF
Ncore
(per rod) (2.3)
where M235U presents the mass of U-235 burned-up in [g]; E is the energy produced in [MWh];
PF is the peaking factor, and Ncore is the number of rods in the core.
The GSTR reactor uses uranium zirconium-hydride fuel with 19.75% enriched U-235 and
three different fuel rod types which are 8.5 wt% of uranium clad in stainless-steel, 12 wt%
of uranium clad in stainless-steel and 8 wt% of uranium clad in aluminum. Some of the
fuel elements were used previously at different TRIGA reactors, so a complete history is not
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available. The total number of fuel elements in the core are 122 fuel rods and three control
rods followed by fuel. The most frequent light and heavy fission products of U-235 plus
samarium-149 are shown in Table 2.2.
Table 2.2: The most frequent fission products of U-235 [10]
Lights Heavy
Isotope Yield (%) Isotope Yield (%)
Mo-95 10.53 Xe-134 10.93
Zr-94 10.48 Ba-138 9.44
Zr-93 10.29 Cs-133 9.34
Zr-96 10.27 Cs-135 9.12
Mo-100 10.19 La-139 8.94
Tc-99 9.90 Xe-136 8.8
Zr-92 9.76 Ce-140 8.67
Mo-97 9.76 Cs-137 8.63
Zr-91 9.45 Nd-143 8.31
Sr-90 9.37 Pr-141 8.16
Ce-142 8.16
Sm-149 1.51
Based on the yields of the fission products, a single light as well as a heavy fission product
replaces each U-235 atom [10].
2.5 Neutron Activation Analysis
In a nuclear reactor, the reactor power [MeV
s
] is related to some variables, namely, the
neutron flux (φ) [neutrons
cm2 s
], the atomic number density of the fuel (N) [atom
cm3
], the fission cross
section (σf ) [cm
2], the average recoverable energy per fission (Er) [
MeV
fission
] and the total
volume of the core (V ) [cm3]. Equation (2.4) is used to calculate the total power:
P = φNσfErV (2.4)
Thus, neutron flux is a critical parameter in the analysis of nuclear reactors [11], and it
will clearly affect power production and reactor performance. Determination of neutron flux
parameters are necessary in order to benchmark the reactor and to guarantee accuracy in
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the application of neutron activation analysis (NAA).
Neutron activation analysis is a technique that uses a source of neutrons to activate
a given sample via neutron induced reactions [25] and to measure the radioactive decay
gamma-rays emitted from the sample to determine its composition.




where Ni refers to the atomic number density of the given isotope [
atom
cm3
]; φ(E) is the neutron
flux per unit of energy in [ neutrons
cm2 s eV
], and σ(E) is the activation cross section in [cm2] at
neutron energy of E in [eV ] [11].
From equation (2.5) and Φtot =
∫
φ(E)dE, the total neutron flux could be measured by





if the target isotope number (e.g., in a standard sample) and its neutron capture cross section
are very well known.
NAA has a vast variety of applications in many fields such as geology, soil science and
the semiconductor industry. NAA has some advantages over other analytical techniques
like the ability to determine several different elements within a single sample of a material,
ease of sample preparations and precision in results [26]. The necessary requirement of
NAA beside a source of neutrons is a suitable instrumentation to detect gamma rays, and
a detailed knowledge of the reactions that occur when neutrons interact with target nuclei.
This technique can in principle identify all the elements in a sample [27].
2.5.1 The Neutron Activation Method
A neutron interacts with a target nucleus and produces a nuclear reaction with the
reaction product in an excited state, which is called a compound nucleus. The compound
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nucleus decays very quickly in about 10−12 − 10−9s to the lowest energy state. In this
transition, it emits prompt gamma radiation which has a high energetic range up to 11 MeV.
After this stage, the nucleus can be stable again or radioactive. The radioactive nucleus
(typically neutron rich) decays through β− and emits delayed gamma radiation. NAA works
with the delayed gamma rays and measures the energy of the gamma rays. By measuring
the energy, the isotopes inside the sample can be determined. The flux of these gamma rays
is proportional to the amount of the isotopes inside the sample (Figure 2.11).
Figure 2.11: Diagram illustrating the process of neutron capture by a target nucleus followed




This chapter presents the efficiency calibration and long-term stability tests for the HPGe
Loaner 4 detector. Also, the design of the irradiation sample holder for the neutron flux
experiment is introduced in this chapter.
3.1 Efficiency Calibration of the HPGe Detector
The careful efficiency calibration of a HPGe detector is essential for the work proposed
here. The efficiency of the detector should be calibrated before any evaluation of the gamma
spectrum. Four standard calibrated sources including three Eu-152 from two different man-
ufacturers, and a mixed gamma standard from a 3rd manufacturer were used with the
HPGe Loaner 4 detector setup at the USGS Federal Center Lakewood, CO. As the reference
radioactive sources emit at several gamma energies, one can obtain the efficiency of each
energy.
In order to test stability of our setup and its reproducibility, the efficiency calibration
experiments were performed several times during the course of our experiments. As shown
in Table 3.1, the main differences between the three Eu-125 point sources are the calibration
date, the initial activity, and the quoted uncertainty. A mixed gamma standard point source
was used as well in the efficiency calibration experiments to obtain overall results. The
mixed gamma standard source consists of many radionuclides, which are Cd-109, Co-57,
Co-60, Ce-139, Hg-203, Sn-113, Cs-137 and Y -88 with quoted uncertainties varying from
1% to 5% (Table 3.2). However, due to the short half-lives of many of its constituents, only
a small subset was still usable.
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a The Eu half-life is 13.6 ± 0.2 years.
Table 3.2: Half-life, Initial activities and gamma ray energies of the mixed gamma standard’s








(Cd-109 1.264 15.6 88 4)
Co-57 0.744 0.6 122 2.5
(Ce-139 0.377 0.7 166 2.5)
(Hg-203 0.128 2.1 279 2.5)
(Sn-113 0.414 2.8 392 5)
Cs-137 30.110 2.6 662 2.5
(Y-88 0.292 5.9 898 4)
Co-60 5.274 3.0 1173 1
Co-60 5.274 3.0 1333 1
(Y-88 0.292 5.9 1836 4)
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3.1.1 Experimental Setup
The HPGe detector is used with an amplifier, preamplifier, high reverse voltage bias and
a multichannel analyzer (MCA). The detector was placed in a lead castle (Figure 3.1) to
reduce the background radiation. In order to maintain a fixed distance between the sam-
ple/source and the germanium detector, a unique sample/source setup was built including
three removable fixtures for the calibrated sources (Figure 3.2) and one removable fixture
for the sample holder. This setup was designed and built to be suitable for any calibrated
source as well as for the sample holder, which will be discussed in chapter 4. Four of the re-
movable sample/source boxes were made and used in this experiment. Figure 3.3 illustrates
the overall setup of the germanium detector with the sample holder. Also, the activated
sample must be facing the detector with no obstacles in between (Figure 3.4). This setup
works for the efficiency calibration of the HPGe detector and neutron activation analysis.
The source-detector distance was chosen as a compromise between count rate, point source
approximation and expected dead time.
Figure 3.1: Lead castle of HPGe detector setup.
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Figure 3.2: The removable source fixture of the strong 152Eu, old 152Eu and the mixed
gamma sources. The weak 152Eu is used in the same fixture as the strong 152Eu as they
have the same dimensions.
Figure 3.3: The sample/calibration source holder of the HPGe detector design.
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(a) The side view of the HPGe setup.
(b) The top view of the HPGe setup.
Figure 3.4: Different views of the HPGe setup.
3.1.2 Experimental Procedure
The calibration sources were placed in a slotted source holder, 25 cm away from the
detector, on the HPGe detector for 12 hour measurements, typically in repeating mode for up
to two weeks. The MCA received the data in analog form from the detector which is converted
to digital data collected the data and assemble the gamma-ray spectrum (Figure 3.5).
For example using the strong 152Eu, at 121.78 keV, the net area under this peak was
225634 counts with a live time of 43111.08 sec. The equations 3.1 and 3.2 calculated the











The source emission rate still had to be corrected for decay. Source reference dates of
strong Eu-152, weak Eu-152, mixed gamma standard and old Eu-152, were February 5th,
2010, November 28th, 2012, October 1st, 2013, and August 27th, 1982, respectively. The









where, Ao is the initial activity when the source was calibrated in [Bq]; t is the time from
calibration to the present in days and T1/2 is the source’s half-life in days.
Figure 3.5: The gamma-ray spectrum of the strong 152Eu (43111 live time).
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After this correction, the actual activities were used to determine emitted photons per
second at a specific energy. Thus, theoretical emission rates were determined by multiplying
the activity with the intensity (I), the fractional probability for emission of a specific gamma
energy per decay.
CPSsource = A × I (3.4)
The absolute detector efficiencies for this specific setup then were calculated by dividing
the emission rate which is in count per second (CPS) for the detector by the emission rate




× 100 [%] (3.5)
In addition, a ratio mean value (Rmean) between any two calibrated sources was calculated
with the mean standard deviation (σRmean). The following equations were used to obtain


















































here, εi1 is the efficiency at i energy of the calibrated source 1 and σi1 is the statistical error
at i energy of the same source.
3.1.3 Efficiency Calibration Results
The efficiency calibration of the HPGe detector was determined from the four calibrated
sources. Table 3.3 shows the live time, measurement date, actual activity as well as the
efficiency of strongest gamma lines of the strong 152Eu source. In addition, two weak lines
around the 198Au emission were added. The detector was calibrated using strong 152Eu
on September 2015, October 2015, November 2016 and July 2017. All results at this point
include statistical error only in order to better see possible systematic deviations.
Table 3.3: Energy efficiency of the strong 152Eu source.
July 2017 November 2016 October 2015 September 2015
Live Time [s] 43111.08 43109.26 43108.78 43108.88
Measurement
Date
07/27/17 11/03/16 10/01/15 09/02/15
Time since
Production [d]
2729 2463 2064 2035
Measurement
Activity [Bq]
23086.54 23964.31 25343.93 25447.24
Energy [keV] Efficiency (×10−4)
121.78 7.932 ± 0.020 7.999 ± 0.020 7.882 ± 0.022 7.721 ± 0.025
244.67 5.044 ± 0.037 5.063 ± 0.036 4.937 ± 0.035 4.869 ± 0.034
344.3 3.698 ± 0.013 3.731 ± 0.013 3.622 ± 0.012 3.566 ± 0.012
411.12 3.165 ± 0.068 3.172 ± 0.067 3.219 ± 0.069 3.108 ± 0.068
443.96 2.872 ± 0.085 2.950 ± 0.048 2.845 ± 0.049 2.838 ± 0.048
778.9 1.679 ± 0.014 1.732 ± 0.014 1.663 ± 0.013 1.637 ± 0.014
964 1.360 ± 0.011 1.331 ± 0.012 1.360 ± 0.011 1.317 ± 0.011
1112.07 1.182 ± 0.012 1.202 ± 0.011 1.233 ± 0.013 1.177 ± 0.011
1212.89 1.096 ± 0.061 1.128 ± 0.059 1.119 ± 0.055 1.106 ± 0.055
1407.98 1.021 ± 0.007 1.049 ± 0.007 1.034 ± 0.007 1.01536 ± 0.007
29
Table 3.4 shows the ratio values of the strongest 152Eu gamma lines and the standard
deviations between all three Eu-152 sources with each other.
Table 3.4: The ratio values and the standard deviations between all three Eu-152 sources.
Old vs. Strong Old vs. Weak Strong vs. Weak
Energy [keV] Ri ± σRi2 Ri ± σRi2 Ri ± σRi
121.78 0.989 ± 0.005 1.053 ± 0.010 1.064 ± 0.009
244.67 0.941 ± 0.013 1.020 ± 0.028 1.084 ± 0.028
344.3 0.943 ± 0.006 1.004 ± 0.012 1.065 ± 0.012
411.12 1.016 ± 0.030 1.093 ± 0.099 1.076 ± 0.097
443.96 0.969 ± 0.026 0.962 ± 0.060 0.992 ± 0.060
778.9 0.936 ± 0.014 1.023 ± 0.029 1.093 ± 0.030
964 1.073 ± 0.016 0.987 ± 0.031 0.920 ± 0.028
1112.07 0.976 ± 0.020 0.992 ± 0.033 1.016 ± 0.030
1212.89 1.000 ± 0.053 1.053 ± 0.029 1.052 ± 0.062
1407.98 0.945 ± 0.012 0.959 ± 0.022 1.015 ± 0.021
Average 0.979 1.015 1.038
Given the quoted systematic uncertainties of 5% for the Spectrum Technique sources
(strong, weak) the comparison to the presumed more accurate old 152Eu is within the
expected range. The consistent deviation between the sources from the same manufacturer
is still within quoted error but more surprising. The gamma-ray energy was plotted versus
the full energy peak efficiency to obtain detection efficiency of the HPGe detector as a
function of energy. Figure 3.6 shows efficiencies as a function of energy of the strong Eu-152
source. The fit efficiency curve is derived from gf3 RadWare software by Oak Ridge National
Laboratory. Gf3 is a least-squares peak fitting program that is used in analysing gamma-ray
spectra from Germanium detectors [28]. The efficiency curve contains two parts which are
low-energy (E ≤ 100 keV) and high energy (1 keV < E < 1 MeV). The calibrated sources
that have been used in this experiment are not providing enough data at low-energy, so the
focus is only on high-energy.
There are several parameters of the efficiency curve function which are:
• Energy = gamma-ray energy in keV
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• E2 = 1 MeV
• G = 20 for Ge detectors, an interaction parameter between the two regions.





• D, E and F = free parameters which are used to fit the HPGe efficiency curve.
The efficiency curve function [28] is:
ε = e((D+Ey+F y
2)−G)−1/G (3.11)
Here, the best fit HPGe efficiency curve parameters of the strong 152Eu were D = (1.300 ±
0.020) × 10−4, E = (−2.600 ± 0.040) × 10−4, F = (5.500 ± 0.085) × 10−4 and G = 20.
Figure 3.6: Efficiency as a function of the energy of the strong Eu-152 source from September
2015 to July 2017.
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Moreover, the weak 152Eu source was used two times, September and October 2015, for
calibrating the germanium detector (Table 3.5). Efficiency as a function on energy of the
weak 152Eu source with its best fit curve is shown in Figure 3.7. The old 152Eu source
has 1.47% quoted systematic uncertainty which led us to use it three times in the detector
calibration process. Table 3.6 presents efficiency results of the old 152Eu source as well as the
live time, measurement date, and actual activity. Efficiencies and measurement activities of
the mixed gamma source are shown in Table 3.7. Figure 3.8 and Figure 3.9 show efficiencies
as a function of the energy of the old Eu-152 and the mixed gamma sources, respectively.
Table 3.8 summarizes all fit parameters of all fit curves. All fit functions are plotted together
in Figure 3.10. These are based only on data including their statistical errors to visualize
systematic deviations (showing up at lower γ-energies).
The efficiency curve to be used in further analysis was generated as a fit using all cali-
brated sources also including the quoted systematic errors (Figure 3.11). In order to visualize
the systematic deviations of the previous fit functions from the combined, their ratios are
shown in Figure 3.12. It can be seen that the layer errors arise from the lower energies, where
attenuator in source materials might not be properly accounted for and in the weakest source
where the MAESTRO peak content extraction might not be satisfactory.
3.2 Long-term Stability Test of HPGe
Additionally, long-term stability tests were undertaken with the HPGe detector. It ran
for two weeks nonstop in each test. A MAESTRO JOB file was created for every stability
run. The JOB file is used to perform a repetitive task which is running the Maestro software
for 12 hours and save the data with unique filenames and file types (.CHN, .RPT and .SPE)
and then starting a new run. In this test, systematic errors such as dead time are eliminated
or minimized. The long-term stability test is essential for the main experiment of this thesis
which will be discussed in chapter 4. This test was performed several times with the four
calibrated sources.
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Table 3.5: Energy efficiency of the weak 152Eu source.
October 2015 September 2015
Live Time [s] 43148.22 43148.34
Measurement Date 10/6/2015 9/14/2015
Time since Production [d] 1042 1020
Measurement Activity [Bq] 4219.80 4232.84
Energy [keV] Efficiency (×10−4)
121.78 7.526 ± 0.061 7.518 ± 0.061
244.67 4.650 ± 0.114 4.668 ± 0.114
344.3 3.558 ± 0.036 3.505 ± 0.036
411.12 2.923 ± 0.260 2.948 ± 0.261
443.96 2.818 ± 0.174 2.972 ± 0.208
778.9 1.679 ± 0.041 1.585 ± 0.042
964 1.436 ± 0.042 1.448 ± 0.035
1112.07 1.202 ± 0.033 1.183 ± 0.033
1212.89 1.060 ± 0.028 1.072 ± 0.029
1407.98 1.044 ± 0.021 1.034 ± 0.020
Table 3.6: Energy efficiency of the old 152Eu source.
August 2017 October 2015 November 2015
Live Time [s] 43131.02 43131.14 43130.98
Measurement Date 8/6/2017 10/20/2015 11/4/2015
Time since Production [d] 12763 12107 12122
Measurement Activity [Bq] 12297.72 13483.15 13454.80
Energy [keV] Efficiency (×10−4)
121.78 7.914 ± 0.034 8.059 ± 0.028 8.098 ± 0.027
244.67 4.763 ± 0.056 5.093 ± 0.049 5.172 ± 0.052
344.3 3.520 ± 0.019 3.767 ± 0.018 3.810 ± 0.018
411.12 3.223 ± 0.068 3.019 ± 0.063 3.107 ± 0.066
443.96 2.859 ± 0.060 2.894 ± 0.061 2.896 ± 0.061
778.9 1.621 ± 0.021 1.760 ± 0.019 1.739 ± 0.019
964 1.429 ± 0.017 1.363 ± 0.019 1.338 ± 0.019
1112.07 1.173 ± 0.021 1.251 ± 0.016 1.207 ± 0.015
1212.89 1.129 ± 0.009 1.103 ± 0.009 1.109 ± 0.008
1407.98 0.992 ± 0.011 1.061 ± 0.012 1.059 ± 0.012
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Figure 3.7: Efficiency as a function of the energy of the weak Eu-152 source for September
2015 and October 2015.
Table 3.7: Energy efficiency of the mixed gamma source.
August 2017 September 2015







Energy [keV] Measurement Activity [Bq] Efficiency (×10−4)
Aug 17 Sep 15
122.07 15.66 89.69 8.494 ± 0.655 8.355 ± 0.506
661.62 618.91 646.19 1.954 ± 0.048 1.980 ± 0.037
1173.23 757.04 968.46 1.155 ± 0.025 1.162 ± 0.021
1332.51 757.65 969.24 1.052 ± 0.022 1.066 ± 0.019
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Figure 3.8: Efficiency as a function of the energy of the old Eu-152 source from October
2015 to August 2017.
3.2.1 Strong Eu-152 source
The strong Eu-152 source was used the most in this thesis largely since it has a good
amount of initial activity, Ao = 33855 Bq on February 5, 2010. The activities of the source
at the first and last experiments were 25447.24 Bq on September 2, 2015 and 23086.54 Bq
on July 27, 2017, respectively. Figure 3.13 shows that the HPGe detector setup is stable for
two weeks of non-stop running.
Table 3.8: Fit parameters of all sources
Fit parameters Strong 152Eu Weak 152Eu Old 152Eu Mixed Gamma
D 1.300 ± 0.020 1.290 ± 0.041 1.310 ± 0.016 1.305 ± 0.025
E -(2.600 ± 0.040) -(2.500 ± 0.080) -(2.510 ± 0.031) -(2.590 ± 0.049)
F 5.500 ± 0.085 4.600 ± 0.146 5.200 ± 0.065 5.750 ± 0.108
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Figure 3.9: Efficiency as a function of the energy of the mixed gamma source for September
2015 and August 2017.
3.2.2 Weak Eu-152 source
The weak Eu-152 source was used only once, and the HPGe detector performed well over
the two weeks of non-stop running. Using a weak calibrated source is an indicator that the
germanium detector is working well over the long run. The efficiency as a function of time
is shown in Figure 3.14.
3.2.3 Old Eu-152 source
The third calibrated point source was the old Eu-152 source. The diameter of the source
holder is 5.4 cm, and the thickness is 1 mm. The half-life is 13.6 ± 0.2 years. The total
uncertainty (random and systematic errors) is 1.47%, thus it is the second most used source
in all experiments of this thesis. The source was calibrated on August 27th 1982 with
initial activity of 73690 [Bq]. The activities of the source at the first and last stability test
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Figure 3.10: Fit curves of all sources.
Figure 3.11: Efficiency as a function of energy of all calibrated sources includes statistical
and systematical errors.
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Figure 3.12: Fit ratios of the strong 152Eu, weak 152Eu, old 152Eu and the mixed gamma
sources to the combined fit.
Figure 3.13: Efficiency as a function of time of the strong Eu-152 source.
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Figure 3.14: Efficiency as a function of time of the weak Eu-152 source.
were 13483.15 Bq on October 20, 2015 and 12297.72 Bq on August 6, 2017, respectively.
Figure 3.15 shows the efficiency as a function of time in the stability test for this source.
3.2.4 Mixed Gamma source
The mixed gamma source is a mixed radionuclide calibration source for the 88-1836 KeV
range. The source holder is 2.54 cm diameter by 0.64 cm thick, and the active diameter is
given as 0.5 cm. The initial activity is 37 kBq, and the source is NIST traceable like all
others used. Table 3.9 shows the difference in activity between the production date and the
experimental dates. The efficiency of the mixed gamma source as a function of time is shown
in Figure 3.16.
3.3 Summary
In the stability tests, all four calibrated sources were used. The experiments provided
the needed results and established that the germanium detector setup was stable. The
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Figure 3.15: Efficiency as a function of time of the old Eu-152 source.
Table 3.9: The activities of the mixed gamma source.
Activity [γps]
Radionuclide 1st test last test
Production (September 23, 2015) (August 7, 2017)
Co-57 565.8 90.14 15.46
Cs-137 676.3 646.28 618.74
Co-60 1256 969.16 755.68
Co-60 1257 969.93 756.28
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Figure 3.16: Efficiency as a function of time of the mixed gamma source.
efficiency results as well as the fit curve of the strong 152Eu source were used for the further
analysis. It should be noted that these tests appear to point to an overestimation of error
in the extraction of peak content in weak peaks by the MAESTRO analysis software, as the




The GSTR core contains several small bores on concentric circles which are intended to
be used to allow for the positioning of activation samples in order to measure neutron flux
precisely at each location so as to determine the core symmetry. These bore locations had
never been used prior this thesis for determining the neutron flux of the GSTR. One of the
main objectives of this work is to determine the neutron flux parameters at these locations.
4.1 Neutron Flux Experiment
20 small bores for neutron flux monitoring are distributed all around the GSTR core
(Figure 4.1). The diameter of the bores is 0.313 in. Radial flux profiles were measured in as
many bores as accessible using gold diluted in aluminum.
Figure 4.1: Locations of the flux motoring bores.
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4.1.1 Sampler Design
Due to the small bore size, a special irradiation sampler needed to be designed, and
several samplers were built to fit in the accessible existing bores. Many factors must be
taken into consideration when designing the sampler such as the overall length, outer and
inner diameters, the sample location, the diameter of the holder cap and the cap’s rectangular
loop. In order to place the neutron activated sample in a position adjacent to the mid-height
of the fuel rod, the overall length of a sampler must be slightly longer than the fuel rod’s
mid-height. In order to position the sample in the holder accurately, two aluminum rods
were built which were used to adjust the height of the sample to the center of the core and
the HPGe detector. As a result, the in-core maximum neutron flux could be determined for
each sample. Figure 4.2 illustrates the final design for the sampler with all dimensions in
inches. The cap’s loop was used for inserting and retrieving the sampler from the core. The
cap size of the sampler is designed to be fitted in between the fuel rods so that the sampler
is easily retrievable.
Some of the 20 bores are located in inaccessible locations due to control rod presence.
The sampler is made out of Aluminum 6061 because this material is low neutron induced
activation. Initially, five samplers were built to test the concept and a total of fourteen
samplers were finally available.
4.1.2 Experimental Setup
The experimental setup for the neutron flux determination was the same as for the
efficiency calibration and the long-term stability tests with the addition of the removable
fixture of the sampler as shown in Figure 4.3 (section 3.1.1). Figure 4.4 shows the removable
fixture of the sampler.
4.1.3 Experimental Procedure
A diluted gold wire monitor of 0.02” in diameter was used. Gold has large thermal
neutron cross section (98.7 barns). The activation product, Au-198, decays with a half-life
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Figure 4.2: The detailed drawing for the sampler with all dimension in inches.
of 2.7 days. The monitor used was made of Al-0.1124% Au alloy wire (Shieldwerx SWX-
564A, 0.005” thick). At the γ-energy of 412 keV emitted by 198Au, the sampler wall thickness
of app. 1.2 mm (actual caliper measurement) attenuates the flux by 3% which need to be
accounted for at a later stage.
After manufacturing the samplers, the diluted gold wire monitors were weighed precisely
(Table 4.1) and as wire coils inserted into the samplers. The mass of each was determined
at least 3 times on a Sartorius precision scale and from the variations an error assigned. The
samplers were properly labeled for ready reference during the process of unloading, cooling,
and counting. The GSTR staff inserted the samplers by using a special hook as shown in
Figure 4.5a and Figure 4.5b. For flux measurements, the reactor was operated. The time of
irradiation was 60 minutes after reaching the desired power level which was 1 MW, and the
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(a) The section view of the sample/calibration source setup of the HPGe detector.
(b) The side view of the HPGe setup.
Figure 4.3: The side view of the sampler and the HPGe setup.
reactor was shut down after the expiration of this time. To reach the desired power, 1 MW,
the reactor operator inserts the control rods manually to the level where the reactor can
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(a) The removable sampler fixture with the sampler. (b) The interior of the removable sampler fixture.
Figure 4.4: The removable sample holder fixture.
operate at the desired power. Then, the operator activates the control rods auto mode to
maintain the desired power as measured by the 3 ionization chambers. This means, however,
that the reactor power level is measured by different settings of the control rods which also
vary during the irradiation process. After irradiation in the reactor, samplers were removed
from the GSTR core and were allowed to cool down for a sufficient period of time (6-8 days) to
obtain reasonably low count rate (dead time limitation) in the HPGe detector. A full energy
peak efficiency calibration of the detector was performed. Finally, the activated diluted gold
monitors were counted in the HPGe detector setup for 900 seconds. We started with sampler
1 and proceeded numerically until we had completed the last sampler (Figure 4.6).
The detector’s energy calibration was performed over the entire gamma energy range
of interest using four calibrated point sources. The irradiated gold monitors had different
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(a) The GSTR hook for inserting and retrieving the sampler.
(b) Samplers inside the GSTR core.
Figure 4.5: Samplers inside the GSTR core by using the GSTR hook.
47
Table 4.1: The diluted gold monitors masses
Au-Al mass Gold mass
Sampler mg mg
1 15.405 ± 5.916E-2 0.0173 ± 6.650E-5
2 13.605 ± 1.915E-2 0.0153 ± 2.152E-5
3 13.870 ± 2.708E-2 0.0156 ± 3.044E-5
4 13.843 ± 9.574E-3 0.0156 ± 1.076E-5
5 12.998 ± 7.274E-2 0.0146 ± 8.176E-5
6 13.780 ± 4.000E-2 0.0155 ± 4.496E-5
7 14.967 ± 5.508E-2 0.0168 ± 6.191E-5
8 15.113 ± 5.508E-2 0.0170 ± 6.191E-5
9 15.307 ± 6.658E-2 0.0172 ± 7.484E-5
10 14.773 ± 3.055E-2 0.0166 ± 3.434E-5
11 15.093 ± 6.506E-2 0.0170 ± 7.313E-5
12 15.460 ± 2.646E-2 0.0174 ± 2.974E-5
13 16.490 ± 5.292E-2 0.0185 ± 5.948E-5
14 13.910 ± 9.000E-2 0.0156 ± 1.012E-4
activity values based on the incident flux. The gamma energy spectrum of each sample was
stored in the computer for further analysis.
4.1.4 Experimental Results
The main gold gamma line at 411.8 keV is emitted by 198Au which is produced through
the 197Au(n,γ)198Au reaction. The energy efficiency of the detector at 411.8 keV was (3.090
± 0.043)×10−4 which was determined from
ε = e(((1.305±0.018)×10
−4−(2.555±0.036)×10−4y+(5.350±0.075)×10−4y2)−20)−1/20




Live time × ε
(4.1)
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Figure 4.6: The irradiated samplers (right samplers 1-5 show more oxidation from use, left
samplers 6-14).
Equation 3.3 was used to calculate the initial activity (Ao) (at end of irradiation) of the
gold. Thus, the number of Au198 [atoms/cm3] produced as a result of the (n, γ) reaction was










σ thermal neutron cross-section in cm2
φ neutron flux in neutrons/(cm2.s)
m gold mass in grams
ma atomic mass in amu
NA Avogadro number
λ decay constant of the gold in s−1
ti irradiation time in seconds
In the first measurements, five samplers were used to show reproducibility in the ini-
tial irradiation cycle. More samplers were produced (eventually 14 samplers) to widen the
coverage of the core.
4.1.4.1 Five Samplers
Table 4.2 shows diluted gold masses (include measurement errors) and the first irradiation
cycle of the five samplers. At the beginning, sampler 4 activity was measured from front
facing for 15 minutes. Then, it was turned around for another activity measurement for 15
minutes. After that, samplers 1, 2, 3 and 5 activities were measured consecutively for 15
minutes. The final step of the first irradiation cycle was to measure the activity again for
samplers 4 and 1. As can be seen, the direction of the sampler towards the detector is not
relevant and the measurement of a sampler is reproducible after removal and new positioning
(once corrected for elapsed time).
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Table 4.2: Gold activity at time of measurement for the five samplers with statistical error.
Sampler Mass [g] Activity [Bq]
4 Front 1.556E-5±1.076E-8 1.648E+5±2.836E+3
4 Back 1.556E-5±1.076E-8 1.645E+5±2.821E+3
1 Front 1.732E-5±6.650E-8 1.886E+5±3.871E+3
2 Front 1.529E-5±2.152E-8 1.249E+5±2.012E+3
3 Front 1.559E-5±3.044E-8 1.634E+5±2.944E+3
5 Front 1.461E-5±8.176E-8 1.561E+5±3.410E+3
4 Front 1.556E-5±1.076E-8 1.639E+5±2.791E+3
1 Front 1.732E-5±6.650E-8 1.870E+5±2.802E+3
After cool down times of at least 1 month, the five samplers were activated again (and
their activities measured) three more times to reach a higher level of accuracy as shown
in Table 4.3. Figure 4.7 shows all samplers’ location. In the third attempt, sampler 5
was inserted in sampler’s 6 location inadvertently and its result will be discussed in the next
section. All errors include gamma counting statistics, gold mass and gamma efficiency errors.
Table 4.3: Thermal neutron flux in [n/(cm2.s)] for the five samplers
Attempt 1 Attempt 2 Attempt 3 Attempt 4 Average
Irradiation Date 01/29/16 03/21/16 05/06/16 06/30/16
Measurement
Date
02/03/16 03/28/16 05/13/16 07/08/16
Sampler Flux (×1013) Flux (×1013) Flux (×1013) Flux (×1013) Flux (×1013)
1 1.833±0.068 1.914±0.039 2.000±0.040 1.878±0.034 1.906±0.045
2 1.386±0.041 1.440±0.023 1.416±0.022 1.478±0.022 1.430±0.027
3 1.908±0.068 1.853±0.033 1.870±0.033 1.946±0.032 1.894±0.041
4 1.860±0.067 1.849±0.032 1.872±0.031 1.857±0.027 1.859±0.039
5 1.751±0.068 1.895±0.041 1.916±0.037 1.854±0.049
4.1.4.2 Fourteen Samplers
After we confirmed that the experiment with the five samplers was successful, nine more
samplers were produced and the full set irradiated another three times. Again after a cool
down period of several days, each sampler was counted starting with sampler 1 till sampler
14 (Table 4.4). The thermal neutron flux of the fourteen samplers was determined for the
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three irradiation cycles with the sum values as shown in Table 4.5. It is visible that there is
some variation between attempts beyond the assigned error. Summary up all sampler values
using indicate variations in overall time integrated power level during the 1 hour irradiations
which appear to be of order several percent.
The average thermal neutron flux of bore 6 was (1.384 ± 0.028)×1013 [n/(cm2.s)] and
the thermal neutron flux of the sampler 5 that placed in bore 6 in the previous irradia-
tion cycle measured as (1.439 ± 0.029)×1013 [n/(cm2.s)]. Furthermore, in last irradiation
cycle, samplers 3 and 8 were placed in each other’s bore inadvertently. The thermal neu-
tron fluxes of samplers 3 and 8 compared to the average values of samplers 3 and 8 were
(1.884 ± 0.050)×1013, (1.834 ± 0.039)×1013, (1.396 ± 0.032)×1013 and (1.379± 0.027)×1013
[n/(cm2.s)], respectively. We can therefore say that a neutron flux determination with dif-
ferent samplers in the same location return the same answer within error.
Table 4.4: Gold activity for the fourteen samplers of the first attempt.
Sampler Mass [g] Activity [Bq]
1 Front 1.732E-5 ± 6.650E-08 1.385E+5 ± 2.504E+3
2 Front 1.529E-5 ± 2.152E-08 8.660E+4 ± 1.378E+3
3 Front 1.559E-5 ± 3.044E-08 1.188E+5 ± 1.977E+3
4 Front 1.556E-5 ± 1.076E-08 1.145E+5 ± 1.761E+3
5 Front 1.461E-5 ± 8.176E-08 1.176E+5 ± 2.358E+3
6 Front 1.549E-5 ± 4.496E-08 8.611E+4 ± 1.413E+3
7 Front 1.682E-5 ± 6.191E-08 8.880E+4 ± 1.507E+3
8 Front 1.699E-5 ± 6.191E-08 9.326E+4 ± 1.569E+3
9 Front 1.720E-5 ± 7.484E-08 7.611E+4 ± 1.377E+3
10 Front 1.661E-5 ± 3.434E-08 7.636E+4 ± 1.211E+3
11 Front 1.696E-5 ± 7.313E-08 1.824E+5 ± 3.318E+3
12 Front 1.738E-5 ± 2.974E-08 1.728E+5 ± 2.646E+3
13 Front 1.853E-5 ± 5.948E-08 1.964E+5 ± 3.346E+3
14 Front 1.563E-5 ± 1.012E-07 1.644E+5 ± 3.322E+3
1 Front 1.732E-5 ± 6.650E-08 1.330E+5 ± 2.415E+3
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Figure 4.7: Locations of the samplers.
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Figure 4.8: The core symmetry of the thermal neutron flux.
Table 4.6 shows the amount of 198Au produced and the neutron flux of each sample. The
core symmetry of the thermal neutron flux was determined (Figure 4.8). The differences in
the thermal fluxes of each ring were found to vary from 0 % to < 10%, Figure 4.9. The
fluxes were obtained at reactor full power.
4.2 Standard Materials
Another objective of this thesis is to add to the national standards used at the TRIGA a
set of measurements using international standards available from the International Atomic
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Table 4.5: Thermal neutron fluxes for the fourteen samplers and their deviation from average.
Attempt 1 Attempt 2 Attempt 3 Average
Sampler Flux (×1013) Flux (×1013) Flux (×1013) Flux (×1013)
1 1.884 ± 0.054 1.886 ± 0.036 1.828 ± 0.051 1.866 ± 0.047
2 1.479 ± 0.032 1.400 ± 0.022 1.381 ± 0.030 1.420 ± 0.028
3 1.925 ± 0.037 1.805 ± 0.031 1.962 ± 0.052 1.897 ± 0.040
4 1.933 ± 0.046 1.823 ± 0.029 1.842 ± 0.045 1.866 ± 0.040
5 1.922 ± 0.054 1.827 ± 0.038 1.815 ± 0.052 1.855 ± 0.048
6 1.418 ± 0.031 1.371 ± 0.022 1.364 ± 0.030 1.384 ± 0.028
7 1.347 ± 0.031 1.198 ± 0.020 1.242 ± 0.028 1.262 ± 0.026
8 1.404 ± 0.032 1.300 ± 0.022 1.454 ± 0.033 1.386 ± 0.029
9 1.085 ± 0.023 1.005 ± 0.018 1.062 ± 0.023 1.051 ± 0.021
10 1.138 ± 0.021 1.104 ± 0.017 1.117 ± 0.021 1.120 ± 0.019
11 2.687 ± 0.091 2.375 ± 0.049 2.617 ± 0.091 2.559 ± 0.077
12 2.534 ± 0.071 2.264 ± 0.039 2.493 ± 0.074 2.431 ± 0.061
13 2.627 ± 0.085 2.499 ± 0.049 2.415 ± 0.079 2.514 ± 0.071
14 2.658 ± 0.090 2.467 ± 0.056 2.533 ± 0.088 2.553 ± 0.078
Deviation from Average
1 1.010 1.011 0.980
2 1.041 0.986 0.973
3 1.015 0.952 1.034
4 1.036 0.977 0.987
5 1.036 0.985 0.979
6 1.024 0.990 0.986
7 1.067 0.949 0.984
8 1.013 0.938 1.049
9 1.033 0.957 1.011
10 1.016 0.986 0.998
11 1.050 0.928 1.022
12 1.043 0.932 1.026
13 1.045 0.994 0.961
14 1.041 0.966 0.992
Σ/14 1.034 0.968 0.999
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Figure 4.9: The average thermal neutron fluxes of the GSTR for the fourteen samplers.
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Table 4.6: The average (all irradiation cycles) neutron thermal flux with the amount of







1 1.886 ± 0.046 8.696E-7 ± 1.664E-8 E
3 1.896 ± 0.041 8.270E-7 ± 1.416E-8 E
4 1.863 ± 0.040 8.325E-7 ± 1.315E-8 E
5 1.873 ± 0.048 8.322E-7 ± 1.710E-8 E
2 1.425 ± 0.027 6.433E-7 ± 9.917E-9 F
6 1.384 ± 0.028 6.223E-7 ± 1.016E-8 F
7 1.262 ± 0.026 5.423E-7 ± 9.207E-9 F
8 1.386 ± 0.029 5.869E-7 ± 9.989E-9 F
9 1.051 ± 0.021 4.524E-7 ± 7.985E-9 G
10 1.120 ± 0.019 4.951E-7 ± 7.512E-9 G
12 2.431 ± 0.061 1.010E-6 ± 1.754E-8 C
11 2.559 ± 0.077 1.062E-6 ± 2.177E-8 B
13 2.514 ± 0.071 1.111E-6 ± 2.188E-8 B
14 2.553 ± 0.078 1.094E-6 ± 2.460E-8 B
Energy Agency (IAEA). In order to achieve this objective, the approach used at the TRIGA
Mark II reactor of the Malaysian Nuclear Agency was followed. Their approach was to deter-
mine the neutron flux parameters by neutron activation analysis (NAA) and they evaluated
and published their experimental results with the certified values of IAEA standards [2–4].
The same diluted gold monitor (Al-0.1124% Au alloy wire SWX-564A, 0.005” thick) was
used as was previously used. The diluted gold monitor was irradiated for determination
of the thermal flux at the dry tube of the GSTR. This dry tube was selected because a
recent CSM thesis [29] carefully measured the neutron flux in this irradiation position. The
monitor was cut and carefully weighed. The weight of the diluted gold monitor was 12.09
mg. The monitor was heat-sealed inside polyethylene lamination sheets. Four standard
materials, IAEA-SL 1, IAEA-158, USGS SDC-1 and USGS SCo-1 were prepared and used
to evaluate the final results of the thermal neutron flux. The standard materials consisting
of IAEA-SL 1, IAEA-158, USGS SDC-1 and USGS SCo-1 were carefully weighed, being
111.06 mg, 169.95 mg, 130.83 mg, and 116.41 mg, respectively (Figure 4.10). Thereafter,
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Figure 4.10: The preparation of the four standard materials.
standard materials were heat-sealed inside polyethylene lamination sheets. The diluted gold
monitor and the four standard materials were prepared for 5 hours irradiation in the dry
tube. After sufficient time of cooling (2 days first attempt, 7 days second attempt and 14
days third attempt), the gamma energy spectra were evaluated for the five samples using
the HPGe detector. The diluted gold monitor and the four standard materials were counted
in the HPGe detector after two days for 30 minutes (live time = 1800 s). The reaction used
for determining the thermal neutron flux was 197Au(n,γ)198Au reaction at 411.80 keV. The
efficiency equation of the combined data was used again in this experiment. The thermal
neutron flux at the dry tube was (1.449±0.048)×1012 n/(cm2.s), where Koehl’s thermal flux
at the same location was (1.45 ± 0.07) × 1012 n/(cm2.s). Equation 4.2 was used to calculate
the concentration of the sample. The accuracy of the analytical measurements was achieved
by calculating the ratio from equation 3.10.
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Table 4.7: The most common elements of the IAEA-Sl 1.
Element Recommended value (mg/kg)
Ba 639 ± 26.50
Ce 117 ± 8.50
Co 19.8 ± 0.75
Cr 104 ± 4.50
Cs 7 ± 0.45
Eu 1.6 ± 0.25
Fe 67400 ± 850
Hf 4.2 ± 0.30
K 14500 ± 1050
La 52.6 ± 1.55
Lu 0.54 ± 0.07
Mn 3460 ± 80
Na 1700 ± 50
Rb 113 ± 5.50
Sb 1.31 ± 0.06
Sc 17.3 ± 0.55
Yb 3.42 ± 0.33
Zn 223 ± 5.00
4.2.1 Results
In order to achieve precise results, certified and standard materials, IAEA-SL 1 (Ta-
ble 4.7), IAEA-158 (Table 4.8), USGS SDC-1 (Table 4.9) and USGS SCo-1 (Table 4.10),
were analyzed. These materials are intended to be used as a reference material for the
measurement of trace elements in sediment samples. Some of the peaks of the standard ma-
terials were unidentifiable because of the sample-detector distance, 25 cm away. Table 4.11,
Table 4.12, Table 4.13 and Table 4.14 show the comparison between the results of this ex-
periment and the certified values as well as the ratio values of IAEA-SL 1, IAEA-158, USGS
SDC-1 and USGS SCo-1, respectively. The ratios of this work to the certified values were
measured. The ratio results of IAEA-SL 1, IAEA-158, USGS SDC-1 and USGS SCo-1 were
very close to 1. All results include statistical, efficiency and flux errors.
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Table 4.8: The most common elements of the IAEA-158.
Element Recommended value (mg/kg)
Ce 61 ± 5.4
Co 9.2 ± 1.1
Cr 74.4 ± 5.8
Cs 3.73 ± 0.34
Eu 1.079 ± 0.061
Fe 26300 ± 1400
Hf 6.23 ± 0.4
K 20000 ± 1600
La 30.2 ± 2.2
Lu 0.306 ± 0.03
Mn 10390 ± 960
Na 23800 ± 1000
Sb 1.34 ± 0.18
Sc 8.32 ± 0.39
Tb 0.63 ± 0.097
Yb 2.08 ± 0.18
Zn 140.6 ± 9.5
In conclusion, the experimental results agreed with national and international certified
values. The thermal neutron flux was determined at the dry tube of the GSTR via NAA
method.
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Table 4.9: The most common elements of the USGS SDC-1.
Oxide Weight %
Al2O3 15.8 ± 0.34
FeO 3.93 ± 0.15
Na2O 2.05 ± 0.09
K2O 3.28 ± 0.1
TiO2 1.01 ± 0.04
MgO 1.69 ± 0.1
Element µg/g
Ba 630 ± 60
Ce 93 ± 7
Co 18 ± 1
Cr 64 ± 7
Cs 4 ± 0.2
Hf 8.3 ± 0.2
La 42 ± 3
Mn 880 ± 60
Rb 127 ± 7
Sb 0.54 ± 0.05
Sc 17 ± 2
Zn 103 ± 8
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Table 4.10: The most common elements of the USGS Cody Shale, SDC-1.
Oxide Weight %
Al2O3 13.7 ± 0.21
FeO 0.9 ± 0.16
Na2O 0.9 ± 0.06
K2O 2.77 ± 0.08
TiO2 0.63 ± 0.06
MgO 2.72 ± 0.18
Element µg/g
Ba 570 ± 30
Ce 62 ± 6
Co 11 ± 0.8
Cr 68 ± 5
Cs 7.8 ± 0.7
La 30 ± 1
Mn 410 ± 30
Rb 110 ± 4
Sb 2.5 ± 0.1
Sc 11 ± 1
Zn 100 ± 8
Table 4.11: IAEA-SL 1
Energy This work Certified value MNA value
Element [keV] mg/kg mg/kg mg/kg Ratio
Na-24 1366.41 1712.06 ± 88.18 1700 ± 50 1728.81 ± 60.9 1.01 ± 0.06
La-140 327.94 52.66 ± 2.71 52.6 ± 1.55 48.43 ± 4.23 1.00 ± 0.06
Hf -175 337.7 4.08 ± 0.21 4.2 ± 0.3 4.55 ± 0.54 0.97 ± 0.09
Sc-46 1118.59 17.06 ± 0.88 17.3 ± 0.55 17.53 ± 0.18 0.99 ± 0.06
Table 4.12: IAEA-158
Energy This work Certified value
Element [keV] mg/kg mg/kg Ratio
Na-24 1366.93 (23.07 ± 1.20) × 103 (23.80 ± 1.00) × 103 0.97 ± 0.06
K-42 1458.3 (20.89 ± 1.09) × 103 (20.00 ± 1.60) × 103 1.04 ± 0.10
Fe-59 1097.37 (27.57 ± 1.43) × 103 (26.30 ± 1.40) × 103 1.05 ± 0.08
Sc-46 1118.54 8.48 ± 0.44 8.32 ± 0.39 1.02 ± 0.07
La-140 1593.67 30.16 ± 1.57 30.20 ± 2.20 1.00 ± 0.09
Hf -181 351.36 6.50 ± 0.34 6.23 ± 0.40 1.04 ± 0.09
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Table 4.13: SDC-1
Energy This work Certified value
Oxide [keV] wt% wt% Ratio
Na2O 1366.21 1.96 ± 0.10 2.05 ± 0.09 0.96 ± 0.07
K2O 1458.31 3.30 ± 0.17 3.28 ± 0.1 1.01 ± 0.06
Element Energy mg/kg mg/kg Ratio
Hf -181 351.25 8.01 ± 0.27 8.30 ± 0.2 0.96 ± 0.04
Ba-131 486.12 634.29 ± 70.36 630 ± 60 1.01 ± 0.15
Sc-46 1118.52 15.94 ± 1.77 17 ± 2 0.94 ± 0.15
La-140 1593.45 41.42 ± 4.59 42 ± 3 0.99 ± 0.13
Table 4.14: SCo-1
Energy This work Certified value
Oxide [keV] wt% wt% Ratio
Na2O 1366.33 0.87 ± 0.05 0.90 ± 0.06 0.97 ± 0.08
K2O 1458.29 2.79 ± 0.11 2.77 ± 0.08 1.01 ± 0.05
Element Energy mg/kg mg/kg Ratio
La-140 328.08 31.42 ± 2.09 30 ± 1 1.05 ± 0.08
Ba-131 485.92 580.00 ± 27.39 570 ± 30 1.02 ± 0.07
Sc-46 1118.58 11.01 ± 1.22 11 ± 1 1.00 ± 0.14




The MCNP 5 code has been used to simulate the GSTR in order to determine neutron
flux parameters. This code is a powerful tool for modeling and simulating the reactor. This
chapter focuses on the detailed description of the GSTR MCNP model, fuel burn-up, model
validation and its results.
5.1 MCNP
Due to the disruption in fuel supply for TRIGA research reactors, the USGS TRIGA
operates on a mixture of different fuel elements basically based on whatever becomes avail-
able. For the current inventory a (limited) burn history for the fuel elements exists, which is
continuously updated in a burn-up calculation. This burn-up calculation provides the input
for the reactor MCNP simulation which, however, uses an averaging process over the rings.
In the future, the knowledge on added fuel history might get worse as it is expected that used
fuel from a DOE storage in Idaho will get added to keep the reactor operating. Therefore, a
method was developed to test the core flux at different available locations through existing
bores in the top core plate.
The MCNP model of the reactor had been developed several years ago by a group of
GSTR staff and CSM students [10]. The aim of this work is to use and make the necessary
changes to the existing MCNP model of the GSTR. The fuel configuration of the GSTR core
was changed recently, so updating the MCNP model is required to match the current fuel
configuration. Also, the model was missing some of the major components, such as the flux
monitoring bores. The GSTR MCNP model was used to simulate, evaluate and predict the
neutron flux in the flux monitoring bores.
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5.1.1 Description of the MCNP model
The model contains the GSTR core, fuel elements (aluminum clad 8 wt%, stainless steel
clad 8.5 wt% and stainless steel 12 wt%), central thimble, reflector, lazy susan, control rods,
and grid plates (upper and lower). The top and side views of the GSTR core model are
shown in Figure 5.2a and Figure 5.2b, respectively. The geometry of the core model is based
on archived data of the GSTR. The fourteen samplers including the diluted gold monitors
were added to the MCNP model as shown in Figure 5.1. The masses of the diluted gold
monitors were matched with the experimental masses. Also, two fresh stainless steel 8.5 wt%
fuel rods were added to the C-ring (C-3 and C-9).
Figure 5.1: A cross-section of a sampler in the GSTR model core.
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(a) Top view of the GSTR MCNP model core (b) Side view of the GSTR MCNP model core
Figure 5.2: The MCNP code model of the GSTR.
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Some changes in the GSTR MCNP model code were made in order to calculate the
neutron flux. The MCNP model code was used for obtaining the maximum thermal neutron
flux at bore locations. It was determined at the mid-height of the fuel rod at maximum
reactor power.
5.1.2 Burn-up Calculations
Some fuel rods of the GSTR are old and came from a different facility with little history;
this is a significant source of error in our burn-up calculations. The GSTR MCNP code
simulated the GSTR on January 29, 2016, and the energy produced (E) was 38797.5 MWh.
It was necessary to run the simulation on the exact date of the experiment in order to get
accurate results.
Many steps were followed to update the fuel burn-up. First, the peaking power factor
(PF) in each rod was obtained from the MCNP model core at the full power level. After
that, equation 2.3 was used for calculating the amount of uranium required to create that
power. The calculated amount of uranium was fed back into MCNP to update the MCNP
model core along with the inventory of fission products. These steps were iterated until the
peaking power factor did not change. Table 5.1 presents the calculated fuel burn-up of the
GSTR model.
The fuel elements of the model were all assumed to be located on an identical and
perfectly circular ring. Each rod was assumed to (originally) be exactly 19.75% enriched.
Table 5.2 shows the calculated atom fraction of the 8 wt.% F-ring fuel. The calculated atom
fraction of the 8 wt.% G-ring, 8.5 wt.% B, C, D, E and G-rings, and 12 wt.% C and D-rings
are mentioned in appendix A.
5.1.3 Model Validations
Validation of the GSTR MCNP model was conducted during the update of the existing
model. The GSTR MCNP model is approximate in imitating the reality of the GSTR, so
the model should be validated with certified and published data for the reactor.
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Table 5.1: The calculated fuel burn-up.
Fuel element Burn-up
Aluminum, 8 wt% (F-ring) 4.33%
Aluminum, 8 wt% (G-ring) 2.29%
Stainless steel, 8.5 wt% (B-ring) 24.35%
Stainless steel, 8.5 wt% (C-ring) 26.32%
Stainless steel, 8.5 wt% (D-ring) 20.51%
Stainless steel, 8.5 wt% (E-ring) 29.84%
Stainless steel, 8.5 wt% (G-ring) 35.33%
Stainless steel, 12 wt% (B-ring) 13.47%
Stainless steel, 12 wt% (C-ring) 14.81%
Regulating control rod 22.00%
Shim 1 control rod 19.50%
Shim 2 control rod 44.40%
A recent PhD thesis (Dr. Koehl’s thesis) determined neutron fluxes of the GSTR at the
central thimble, lazy susan, and the dry tube [29]. The published results from Dr. Koehl were
used for validating the GSTR MCNP model. Table 5.3 presents comparisons of the published
results versus MCNP results. The MCNP results were consistent with the published results
of the thermal neutron flux. In-core facilities like the central thimble, the predicted neutron
fluxes (thermal, epithermal and fast neutron fluxes) from MCNP were almost identical with
the Koehl’s published results. Out-core facilities such as the lazy susan and the dry tube
showed some differences in the epithermal and fast neutron fluxes. In conclusion, the model
was valid for this thesis because the focus was only on the in-core thermal neutron flux.
5.2 Results
The MCNP model was used to simulate and predict the neutron flux both at the ir-
radiation facilities and at the flux monitoring bores of the GSTR. Figure 5.3 presents the
neutron flux density versus the neutron energy n/(cm2.s.MeV ) of the E-ring. The E-ring
contains samplers 1, 3, 4, and 5. Neutron flux density values versus neutron energy values of
samplers 2, 6, 7, and 8 (F-ring) are shown in Figure 5.4. Samplers 9 and 10 were located in
the G-ring, and Figure 5.5 shows the neutron flux density as a function of neutron energy of
68































these samplers. There was only one sampler in the C-ring, sampler 12 (Figure 5.6), because
of the difficulty inserting and retrieving it. Samplers 11, 13, and 14, located in the B-ring
as seen in Figure 5.7, had the highest neutron flux density. In Figure 5.8, the neutron flux
density of sampler 12 was almost equal to the neutron flux density of samplers 11, 13 and
14. Figure 5.9 compares the neutron flux density of one sampler from each ring. Figure 5.10
presents the thermal neutron flux vertical profiles along the fuel height of the central thimble.
69
Table 5.3: The comparison of the published and MCNP results at 1 MW operating power
of the GSTR.
Central Thimble Lazy Susan Dry Tube
(Sample position) (centerline) (bottom) (bottom)
[n/cm2.s]
Dr. Koehl [29] Thermal Flux (1.62±0.08)×1013 (3.70±0.18)×1012 (1.45±0.07)×1012
Epithermal Flux (1.35±0.07)×1012 (1.99±0.09)×1011 (1.60±0.08)×1010
Fast Flux (1.08±0.05)×1013 (2.4 ± 0.2)×1012 (8.6 ± 0.4)×1011
MCNP Thermal Flux (1.61±0.07)×1013 (3.78±0.08)×1012 (1.43±0.16)×1012
(This thesis) Epithermal Flux (1.37±0.22)×1012 (2.48±0.15)×1011 (1.48±0.43)×1010
Fast Flux (1.06±0.10)×1013 (1.71±0.03)×1012 (1.32±0.55)×1011
The maximum flux occurred at the fuel mid-height.
Figure 5.3: The MCNP neutron flux density versus neutron energy of the E-ring.
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Figure 5.4: The MCNP neutron flux density versus neutron energy of the F-ring.
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Figure 5.5: The MCNP neutron flux density versus neutron energy of the G-ring.
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Figure 5.6: The MCNP neutron flux density versus neutron energy of the C-ring.
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Figure 5.7: The MCNP neutron flux density versus neutron energy of the B-ring.
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Figure 5.8: The MCNP neutron flux density versus neutron energy of the C- and B-rings.
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Figure 5.9: The MCNP neutron flux density versus neutron energy of the E-, F-, G-, C- and
B-rings.
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Figure 5.10: The MCNP neutron flux as a function of height of the central thimble.
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CHAPTER 6
COMPARISON OF SIMULATION AND EXPERIMENTAL RESULTS
This chapter presents the experimental results compared with the simulation results.
MCNP can generate an output data based on the desire of the user. Tally cards were used
to determine the neutron flux and the sample activity (198Au content). Seven basic neutron
tally types, six basic photon tally types, and four basic electron tally types are available in
MCNP [30]. These tally types are standard tallies which all are normalized to be per source
particle unless changed by the user [30].
6.1 Thermal Neutron Flux Determination
A thermal neutron is a neutron with a kinetic energy distribution around 0.025 eV. MCNP
software was used to determine neutron fluxes specially the thermal neutron flux at different
irradiation locations. Tally type 5 (F5), flux at a point or ring detector (particles/cm2), was
chosen in the GSTR model for determining neutron flux.
The form of detector tally type 5 is:
Fn : pl X Y Z ± Ro
where
n = tally number ending with 5.
pl = N for neutrons or P for photons.
X Y Z = location of the detector point.
Ro = radius of the sphere of exclusion:+Ro in centimeters and −Ro in mean free
paths [30].
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In order to determine the thermal (from 0 to 0.1 eV), epithermal (from 0.1 eV to 1
MeV) and fast neutron (from 1 MeV to 10 MeV) fluxes from tally type 5, a tally multiplier
card (FMn) and a tally energy card (En) must be used. De-normalizing factor (DF) was





where, P is the operation reactor power (full power of the GSTR); υ is the average number of
neutrons produced per fission (2.47 [neutrons/fission]), and Efission is the energy released
per fission (168 [MeV/fission]). Thus, the DF was calculated to be 8.396 × 1016 [neutron/s].
As explained in section 4.1.4, the thermal neutron flux of each sample holder was cal-
culated by equation 4.2. The ratio of the experimental thermal neutron flux to the MCNP
thermal neutron flux at the flux monitoring bores is shown in Table 6.1. Figure 6.1 shows
the thermal neutron flux for both the MCNP and the experiment. As can be seen, the
experimental values agree with simulation 2 notable exceptions: a) sampler 7 in between F-
and G-rings and b) all samplers covering the core inside the C-ring.
6.2 198Au Production Determination
The 198Au production was determined experimentally and also from the MCNP. The





where, m(198Au)i is total number of 198Au produced of sampler i; A is the activity of the
diluted gold, NA is the Avogadro number and λ is the decay constant.
In MCNP, the interaction rate was determined by tally F5, tally multiplier FM5 and tally
time card T5 which provide data for the Au197(n,γ)Au198 reaction included in the MCNP
calculation [31]. This way a different way is used to extract informations from MCNP which
can be compared to experiment.
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Figure 6.1: Comparison between MCNP and experimental results of the thermal neutron
flux.
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Table 6.1: Thermal neutron fluxes from the experiment and the MCNP with ratio.
Experiment MCNP Ratio
Sampler Thermal flux Thermal flux Ri
[n/cm2.s](×1013) [n/cm2.s](×1013)
1 1.886 ± 0.046 1.862 ± 0.040 1.013 ± 0.033
2 1.425 ± 0.027 1.352 ± 0.052 1.054 ± 0.045
3 1.896 ± 0.041 1.889 ± 0.044 1.003 ± 0.032
4 1.863 ± 0.040 1.789 ± 0.047 1.041 ± 0.035
5 1.873 ± 0.048 1.888 ± 0.047 0.992 ± 0.036
6 1.384 ± 0.028 1.428 ± 0.051 0.969 ± 0.040
7 1.262 ± 0.026 1.407 ± 0.050 0.897 ± 0.037
8 1.386 ± 0.029 1.410 ± 0.050 0.983 ± 0.040
9 1.051 ± 0.021 0.981 ± 0.056 1.072 ± 0.065
10 1.120 ± 0.019 0.984 ± 0.059 1.137 ± 0.071
11 2.559 ± 0.077 2.841 ± 0.039 0.901 ± 0.030
12 2.431 ± 0.061 2.721 ± 0.030 0.893 ± 0.025
13 2.514 ± 0.071 2.924 ± 0.037 0.860 ± 0.027
14 2.553 ± 0.078 2.905 ± 0.039 0.879 ± 0.029
The instantaneous neutron population was calculated from equation 6.3.
Ṅ = P c υ (6.3)
where, Ṅ is the instantaneous neutron population [neutrons/s]; P is the mean power [W ]; c
is equal to 3.12 × 1010 [fissions/(W.s)], and υ is the mean number of neutrons emitted per
fission, equal to 2.47 [neutrons/fission] [31].
The neutron population(Ṅ) of the maximum reactor power was 7.05 × 1016 [neutrons/s].
Table 6.2 presents the calculated activities for all samples. Q was the tally F5 obtained from
MCNP. Then, the volumetric activity was calculated using the following equation;
A[Bq/cm3] = Q(1 − eλt) (6.4)
The activity per neutron emitted at the source is equal to the volumetric activity times
the volume of the sample; and the total activity Atotal is calculated multiplying the activity
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per neutron emitted at the source by the instantaneous neutron population [31]. Figure 6.2
shows the amount of 198Au produced of the MCNP and the experiment. In this comparison
between experiment and MCNP, the deviation of sample 7 is not as pronounced but still
visible. the differences in inner core remain at the grater than 10% level.
Table 6.2: Activities calculated from MCNP
Sample Q [reaction/cm3.s] A [Bq/cm3] A [Bq/neutron] Atotal [Bq]
1 2.80E-5 ± 4.33E-7 2.98E-7 ± 4.62E-9 1.91E-12 ± 2.96E-14 1.35E+5 ± 2.08E+3
2 2.20E-5 ± 5.32E-8 2.34E-7 ± 5.67E-10 1.33E-12 ± 3.21E-15 9.35E+4 ± 2.26E+2
3 2.74E-5 ± 3.81E-7 2.92E-7 ± 4.06E-9 1.69E-12 ± 2.35E-14 1.19E+5 ± 1.65E+3
4 2.77E-5 ± 3.05E-7 2.95E-7 ± 3.25E-9 1.70E-12 ± 1.87E-14 1.20E+5 ± 1.32E+3
5 2.81E-5 ± 4.61E-7 3.00E-7 ± 4.91E-9 1.62E-12 ± 2.66E-14 1.14E+5 ± 1.88E+3
6 2.10E-5 ± 3.78E-7 2.24E-7 ± 4.03E-9 1.28E-12 ± 2.31E-14 9.05E+4 ± 1.63E+3
7 1.90E-5 ± 3.94E-7 2.03E-7 ± 4.20E-9 1.26E-12 ± 2.61E-14 8.89E+4 ± 1.84E+3
8 2.02E-5 ± 3.49E-7 2.15E-7 ± 3.72E-9 1.35E-12 ± 2.34E-14 9.54E+4 ± 1.65E+3
9 1.57E-5 ± 3.71E-7 1.67E-7 ± 3.95E-9 1.06E-12 ± 2.52E-14 7.51E+4 ± 1.77E+3
10 1.54E-5 ± 4.31E-7 1.64E-7 ± 4.59E-9 1.01E-12 ± 2.82E-14 7.11E+4 ± 1.99E+3
11 4.01E-5 ± 3.80E-7 4.27E-7 ± 4.05E-9 2.69E-12 ± 2.54E-14 1.89E+5 ± 1.79E+3
12 3.79E-5 ± 3.81E-7 4.04E-7 ± 4.06E-9 2.60E-12 ± 2.62E-14 1.84E+5 ± 1.85E+3
13 4.09E-5 ± 3.89E-7 4.36E-7 ± 4.15E-9 3.00E-12 ± 2.85E-14 2.11E+5 ± 2.01E+3
14 4.04E-5 ± 4.01E-7 4.31E-7 ± 4.27E-9 2.50E-12 ± 2.48E-14 1.76E+5 ± 1.75E+3
In conclusion, the MCNP code was used to determine thermal neutron flux in the flux
monitoring bores of the GSTR and to determine the activation of the gold monitors. The
simulation results were compared with the measured results. A good agreement was obtained
between the simulation and the experiment. B- and C-rings had some diversity, about 20%,
due to the lack of history knowledge of each fuel element as well as the addition of two new
fuel in C-ring.
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Figure 6.2: Comparison between MCNP and experimental results of the 198Au produced.
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The GSTR is a Mark I pool-type reactor located at the Denver Federal Center, Lakewood,
CO. Its fuel configuration had changed recently, so precise measurements of the neutron flux
parameters were performed and evaluated. A diluted gold wire from Shieldwerx was used
in the neutron flux determination. To achieve precise results, a well-calibrated germanium
detector was be used. We accomplished several efficiency calibrations of the HPGe detector
using four different calibrated sources from three different manufacturers. The calibrated
sources were the strong, weak, old 152Eu sources and a mixed gamma source. Each source
was used more than once for configuration of detector stability. A unique detector setup
was designed and built to ensure consistency in the calibration experiments. Four remov-
able fixtures were made for the calibrated sources and for the diluted gold holders. These
removable fixtures allowed reproducible positioning 25 cm from the detector surface. The
efficiency results of the germanium detector were compared between the four calibrated
sources and the results agreed within quoted systematical errors. Only the use of a weak
source showed layer deviation at low gamma energies. The fit curve of each source was
determined as well as the overall best fit curve. The best fit HPGe efficiency curve is
ε = e((1.305×10






In parallel with efficiency calibrations, long-term stability tests were done. The detector
was running each time for two weeks nonstop. The results showed that the germanium
detector was stable in each run. The well-calibrated and stable germanium detector was
used then to determine the neutron flux at flux monitoring bores in the GSTR core which
were irradiated for the first time. The approach started with five samplers that were designed
and built specially for this purpose. After several tests with the five samplers, nine samplers
were added and the all 14 samplers were activated at the reactor for one hour at 1 MW
85
power. The total activity of the 14 diluted gold samples was measured in the germanium
detector setup and the corresponding neutron flux extracted. This experiment was repeated
another two times and the results agreed.
MCNP simulation was used to predict and compare the neutron flux values with the
experimental results. An existed GSTR MCNP model was employed which had been devel-
oped in 2013 by group of GSTR staff and CSM students based on an old fuel configuration.
This work updated the GSTR fuel burn-up and its configuration in the GSTR model. Two
new fuel rods, all flux monitoring bores and the 14 samplers were also added to the model.
The 198Au production from the 197Au(n, γ)198Au reaction were predicted using the GSTR
MCNP model. Furthermore, the MCNP was used to determine the neutron flux at the bore
locations. The results from the MCNP and the neutron flux experiment were compared.
The simulation of the neutron flux results at E-, F- and G-rings agreed well with the ex-
perimental results. B- and C-rings experimental results were consistently low. The GSTR
MCNP model was validated with a recent published results (Dr. Koehl’s PhD thesis, 2016).
The MCNP results were consistent with the published results of the thermal neutron flux.
National and international standard materials were activated and measured the mass
ratios using the same germanium detector setup. The IAEA standard materials were used
for the first time at the GSTR. Four standard materials, IAEA-SL 1, IAEA-158, USGS
SDC-1 and USGS SCo-1 were prepared and used to evaluate the final results of the thermal
neutron flux. The mass ratio results were compared with the certified results as well as
with the results obtained by a similar reactor in Malaysia and agreed with the national and
international certified values.
As a conclusion from this thesis, one can say that the fuel distribution and operating
(control rods) mode used at the GSTR produces a core with a balanced flux distribution.
It is estimated that the sampler method introduced here can determine variations at a
level of smaller than 5%. The method can be helpful when in the future new (used, with
uncertain history) fuel elements will again be added to the inventory. The GSTR core
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model in MCNP appears to well describe the neutron flux in the outer fuel rings, however,
a consistent deviation between experiments and model inside the fuel C-ring of order >10%
was observed. The source of this deviation is not clear but could be investigated further
through repeated sampler measurements in conjunction with activations in the dry tube
and correlation of the results. One possible explanation could lie in the uniform burn-up
assumption used in the GSTR burn-up calculations. Summing the activation observed in all
samples in a given irradiation attempt should give a good estimate of the time integrated
power level in the full core of the GSTR and its reproducibility. In 3 attempts variation of
order 3% around the average was observed.
Future work could extend the method to other activation isotopes in order to probe
different parts of the reactor neutron energy spectrum. The combination of well calibrated
germanium detector and well describe neutron spectrum in the dry tube irradiation location




[1] Office of Public Affairs. Backgrounder on high burnup spent fuel, January 2015. URL
http://www.nrc.gov/.
[2] AR Yavar, SB Sarmani, AK Wood, SM Fadzil, MH Radir, and KS Khoo. Determination
of fast neutron flux distribution in irradiation sites of the malaysian nuclear agency
research reactor. Applied Radiation and Isotopes, 69(5):762–767, 2011.
[3] AR Yavar, S Sarmani, AK Wood, SM Fadzil, Z Masood, and KS Khoo. Neutron flux
parameters for k0-naa method at the malaysian nuclear agency research reactor after
core reconfiguration. Radiation Measurements, 46(2):219–223, 2011.
[4] Alireza Yavar, Sukiman Sarmani, Abdul Khalik Wood, Nurul Syakireen Zainal, and
Kok Siong Khoo. Development and implementation of høgdahl convention and west-
cott formalism for k0-inaa application at malaysian nuclear agency reactor. Journal of
Radioanalytical and Nuclear Chemistry, 291(2):521–527, 2012.
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APPENDIX A
ATOM FRACTION OF THE GSTR FUEL
Table A.1 shows the calculated atom fraction of the 8 wt.% G-ring fuel.
































Table A.2 shows the calculated atom fraction of the 8.5 wt.% B-ring fuel.


































Table A.3 shows the calculated atom fraction of the 8.5 wt.% C-ring fuel.


































Table A.4 shows the calculated atom fraction of the 8.5 wt.% D-ring fuel.


































Table A.5 shows the calculated atom fraction of the 8.5 wt.% E-ring fuel.


































Table A.6 shows the calculated atom fraction of the 8.5 wt.% G-ring fuel.


































Table A.7 shows the calculated atom fraction of the 12 wt.% C & D-ring fuel.













































c S t a i n l e s s s t e e l f u e l rod un ive r s e 8 . 5 w/o B−Ring
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
1 21 −7.86 2 −12 imp : n=1 u=1 TMP=3.401E−8 $top pin
2 21 −7.86 −2 3 −13 imp : n=1 u=1 TMP=3.401E−8 $spacer
3 21 −7.86 −3 4 −14 imp : n=1 u=1 TMP=3.401E−8 $top c ladd ing
4 21 −7.86 −4 5 −14 imp : n=1 u=1 TMP=3.401E−8 $ inner spacer
5 2 −1.56 −5 6 −14 imp : n=1 u=1 TMP=2.719E−8 $upper g raph i t e plug
6 100 0.097326 −6 7 −14 15 imp : n=1 u=1 TMP=4.575E−8 $8 . 5 w/o f u e l
7 2 −1.56 −7 8 −14 imp : n=1 u=1 TMP=2.719E−8 $lower g raph i t e plug
8 21 −7.86 −8 9 −14 imp : n=1 u=1 TMP=3.401E−8 $ inner spacer
9 21 −7.86 −9 10 −14 imp : n=1 u=1 TMP=3.401E−8 $bottom c ladd ing
10 21 −7.86 −10 −12 imp : n=1 u=1 TMP=3.401E−8 $bottom pin
11 21 −7.86 −3 10 14 −31 imp : n=1 u=1 TMP=3.401E−8 $ s i d e c ladd ing
12 1 −0.972 −2 500 13 imp : n=1 u=1 TMP=2.719E−8 $upper g r id p l a t e
13 3 −2.7 12 −501 imp : n=1 u=1 TMP=2.719E−8 $lower g r id p l a t e
14 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=1 TMP=2.719E−8
$water above g r i d p l a t e
15 1 −0.972 −500 3 13 −31 imp : n=1 u=1 TMP=2.719E−8 $water below
g r i d p l a t e
16 1 −0.972 −10 501 12 −31 imp : n=1 u=1 TMP=2.719E−8 $water above
lower g r i d p l a t e
17 5 −5.8 −15 −6 7 imp : n=1 u=1 TMP=4.366E−8 $zr plug
285 1 −0.972 31 −500 501 imp : n=1 u=1 TMP=2.719E−8 $water around
f u e l rod
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%




18 21 −7.86 2 −12 imp : n=1 u=2 TMP=3.401E−8 $top pin
19 21 −7.86 −2 3 −13 imp : n=1 u=2 TMP=3.401E−8 $spacer
20 21 −7.86 −3 4 −14 imp : n=1 u=2 TMP=3.401E−8 $top c ladd ing
21 21 −7.86 −4 5 −14 imp : n=1 u=2 TMP=3.401E−8 $ inner spacer
22 2 −1.56 −5 6 −14 imp : n=1 u=2 TMP=2.719E−8 $upper g raph i t e plug
23 90 0.096723 −6 7 −14 15 imp : n=1 u=2 TMP=4.839E−8 $12 w/o f u e l
24 2 −1.56 −7 8 −14 imp : n=1 u=2 TMP=2.719E−8 $lower g raph i t e plug
25 21 −7.86 −8 9 −14 imp : n=1 u=2 TMP=3.401E−8 $ inner spacer
26 21 −7.86 −9 10 −14 imp : n=1 u=2 TMP=3.401E−8 $bottom c ladd ing
27 21 −7.86 −10 −12 imp : n=1 u=2 TMP=3.401E−8 $bottom pin
28 21 −7.86 −3 10 14 −31 imp : n=1 u=2 TMP=3.401E−8 $ s i d e c ladd ing
29 1 −0.972 −2 500 13 imp : n=1 u=2 TMP=2.719E−8 $upper g r id p l a t e
30 3 −2.7 12 −501 imp : n=1 u=2 TMP=2.719E−8 $lower g r id p l a t e
31 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=2 TMP=2.719E−8
$water above g r i d p l a t e
32 1 −0.972 −500 3 13 −31 imp : n=1 u=2 TMP=2.719E−8 $water below
g r i d p l a t e
33 1 −0.972 −10 501 12 −31 imp : n=1 u=2 TMP=2.719E−8 $water above
lower g r i d p l a t e
34 5 −5.8 −15 −6 7 imp : n=1 u=2 TMP=4.366E−8 $zr plug
286 1 −0.972 31 −500 501 imp : n=1 u=2 TMP=2.719E−8 $water around
f u e l rod
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c Aluminum f u e l rod un ive r s e 8 . 0 w/o F−Ring
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
35 22 −2.7 −12 2 imp : n=1 u=3 TMP=3.389E−8 $top pin
36 22 −2.7 −2 −13 16 imp : n=1 u=3 TMP=3.389E−8 $spacer
37 22 −2.7 −16 3 −22 imp : n=1 u=3 TMP=3.389E−8 $top claddng
38 22 −2.7 −3 18 −22 imp : n=1 u=3 TMP=3.389E−8 $ inner spacer
39 2 −1.56 −18 23 −22 imp : n=1 u=3 TMP=2.719E−8 $upper g raph i t e
50 10 .161768 −23 19 −22 imp : n=1 u=3 $sm poison
40 101 0.0766891 −19 20 −22 imp : n=1 u=3 TMP=4.085E−8 $8 w/o f u e l
51 10 .161768 −20 24 −22 imp : n=1 u=3 $sm Poison
41 2 −1.56 −24 8 −22 imp : n=1 u=3 TMP=2.719E−8 $lower g raph i t e
42 22 −2.7 −8 10 −22 imp : n=1 u=3 TMP=3.389E−8 $lower c ladd ing
43 22 −2.7 −10 −12 imp : n=1 u=3 TMP=3.389E−8 $bottom pin
44 22 −2.7 −16 10 22 −32 imp : n=1 u=3 TMP=3.389E−8 $ s i d e c ladd ing
45 1 −0.972 −2 500 13 imp : n=1 u=3 TMP=2.719E−8 $upper g r i d p l a t e
46 3 −2.7 12 −501 imp : n=1 u=3 TMP=3.389E−8 $lower g r i d p l a t e
47 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=3 TMP=2.719E−8
$water above upper g r i d p l a t e
48 1 −0.972 −500 16 13 −32 imp : n=1 u=3 TMP=2.719E−8 $water blow
upper g r i d p l a t e
99
49 1 −0.972 −10 501 12 −32 imp : n=1 u=3 TMP=2.719E−8 $water above
lower g r i d p l a t e
295 1 −0.972 32 −500 501 imp : n=1 u=3 TMP=2.719E−8 $water around
f u e l rod
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c S t a i n l e s s s t e e l f u e l rod un ive r s e 8 . 5 w/o C r ing
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
52 21 −7.86 2 −12 imp : n=1 u=4 TMP=3.401E−8 $top pin
53 21 −7.86 −2 3 −13 imp : n=1 u=4 TMP=3.401E−8 $spacer
54 21 −7.86 −3 4 −14 imp : n=1 u=4 TMP=3.401E−8 $top c ladd ing
55 21 −7.86 −4 5 −14 imp : n=1 u=4 TMP=3.401E−8 $ inner spacer
56 2 −1.56 −5 6 −14 imp : n=1 u=4 TMP=2.719E−8 $upper g raph i t e plug
57 102 0.0973261 −6 7 −14 15 imp : n=1 u=4 TMP=4.491E−8 $8 . 5 w/o f u e l
58 2 −1.56 −7 8 −14 imp : n=1 u=4 TMP=2.719E−8 $lower g raph i t e plug
59 21 −7.86 −8 9 −14 imp : n=1 u=4 TMP=3.401E−8 $ inner spacer
60 21 −7.86 −9 10 −14 imp : n=1 u=4 TMP=3.401E−8 $bottom c ladd ing
61 21 −7.86 −10 −12 imp : n=1 u=4 TMP=3.401E−8 $bottom pin
62 21 −7.86 −3 10 14 −31 imp : n=1 u=4 TMP=3.401E−8 $ s i d e c ladd ing
63 1 −0.972 −2 500 13 imp : n=1 u=4 TMP=2.719E−8 $upper g r id p l a t e
64 3 −2.7 12 −501 imp : n=1 u=4 TMP=2.719E−8 $lower g r id p l a t e
65 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=4 TMP=2.719E−8
$water above g r i d p l a t e
66 1 −0.972 −500 3 13 −31 imp : n=1 u=4 TMP=2.719E−8 $water below
g r i d p l a t e
67 1 −0.972 −10 501 12 −31 imp : n=1 u=4 TMP=2.719E−8 $water above
lower g r i d p l a t e
68 5 −5.8 −15 −6 7 imp : n=1 u=4 TMP=4.366E−8 $zr plug
288 1 −0.972 31 −500 501 imp : n=1 u=4 TMP=2.719E−8 $water around
f u e l rod
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c S t a i n l e s s s t e e l f u e l rod un ive r s e 8 . 5 w/o D r ing
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
69 21 −7.86 2 −12 imp : n=1 u=5 TMP=3.401E−8 $top pin
70 21 −7.86 −2 3 −13 imp : n=1 u=5 TMP=3.401E−8 $spacer
71 21 −7.86 −3 4 −14 imp : n=1 u=5 TMP=3.401E−8 $top c ladd ing
72 21 −7.86 −4 5 −14 imp : n=1 u=5 TMP=3.401E−8 $ inner spacer
73 2 −1.56 −5 6 −14 imp : n=1 u=5 TMP=2.719E−8 $upper g raph i t e plug
74 103 0.0973261 −6 7 −14 15 imp : n=1 u=5 TMP=4.375E−8 $8 . 5 w/o f u e l
75 2 −1.56 −7 8 −14 imp : n=1 u=5 TMP=2.719E−8 $lower g raph i t e plug
76 21 −7.86 −8 9 −14 imp : n=1 u=5 TMP=3.401E−8 $ inner spacer
77 21 −7.86 −9 10 −14 imp : n=1 u=5 TMP=3.401E−8 $bottom c ladd ing
78 21 −7.86 −10 −12 imp : n=1 u=5 TMP=3.401E−8 $bottom pin
79 21 −7.86 −3 10 14 −31 imp : n=1 u=5 TMP=3.401E−8 $ s i d e c ladd ing
100
80 1 −0.972 −2 500 13 imp : n=1 u=5 TMP=2.719E−8 $upper g r id p l a t e
81 3 −2.7 12 −501 imp : n=1 u=5 TMP=2.719E−8 $lower g r id p l a t e
82 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=5 TMP=2.719E−8
$water above g r i d p l a t e
83 1 −0.972 −500 3 13 −31 imp : n=1 u=5 TMP=2.719E−8 $water below
g r i d p l a t e
84 1 −0.972 −10 501 12 −31 imp : n=1 u=5 TMP=2.719E−8 $water above
lower g r i d p l a t e
85 5 −5.8 −15 −6 7 imp : n=1 u=5 TMP=4.366E−8 $zr plug
289 1 −0.972 31 −500 501 imp : n=1 u=5 TMP=2.719E−8 $water around
f u e l rod
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c S t a i n l e s s s t e e l f u e l rod un ive r s e 8 . 5 w/o E r ing
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
86 21 −7.86 2 −12 imp : n=1 u=6 TMP=3.401E−8 $top pin
87 21 −7.86 −2 3 −13 imp : n=1 u=6 TMP=3.401E−8 $spacer
88 21 −7.86 −3 4 −14 imp : n=1 u=6 TMP=3.401E−8 $top c ladd ing
89 21 −7.86 −4 5 −14 imp : n=1 u=6 TMP=3.401E−8 $ inner spacer
90 2 −1.56 −5 6 −14 imp : n=1 u=6 TMP=2.719E−8 $upper g raph i t e plug
91 104 0.0973261 −6 7 −14 15 imp : n=1 u=6 TMP=4.218E−8 $8 . 5 w/o f u e l
92 2 −1.56 −7 8 −14 imp : n=1 u=6 TMP=2.719E−8 $lower g raph i t e plug
93 21 −7.86 −8 9 −14 imp : n=1 u=6 TMP=3.401E−8 $ inner spacer
94 21 −7.86 −9 10 −14 imp : n=1 u=6 TMP=3.401E−8 $bottom c ladd ing
95 21 −7.86 −10 −12 imp : n=1 u=6 TMP=3.401E−8 $bottom pin
96 21 −7.86 −3 10 14 −31 imp : n=1 u=6 TMP=3.401E−8 $ s i d e c ladd ing
97 1 −0.972 −2 500 13 imp : n=1 u=6 TMP=2.719E−8 $upper g r id p l a t e
98 3 −2.7 12 −501 imp : n=1 u=6 TMP=2.719E−8 $lower g r id p l a t e
99 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=6 TMP=2.719E−8
$water above g r i d p l a t e
230 1 −0.972 −500 3 13 −31 imp : n=1 u=6 TMP=2.719E−8 $water below
g r i d p l a t e
231 1 −0.972 −10 501 12 −31 imp : n=1 u=6 TMP=2.719E−8 $water above
lower g r i d p l a t e
232 5 −5.8 −15 −6 7 imp : n=1 u=6 TMP=4.366E−8 $zr plug
292 1 −0.972 31 −500 501 imp : n=1 u=6 TMP=2.719E−8 $water around
f u e l rod
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c S t a i n l e s s s t e e l f u e l rod un ive r s e 8 .5 w/o G r ing
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
233 21 −7.86 2 −12 imp : n=1 u=7 TMP=3.401E−8 $top pin
234 21 −7.86 −2 3 −13 imp : n=1 u=7 TMP=3.401E−8 $spacer
235 21 −7.86 −3 4 −14 imp : n=1 u=7 TMP=3.401E−8 $top c ladd ing
236 21 −7.86 −4 5 −14 imp : n=1 u=7 TMP=3.401E−8 $ inner spacer
101
237 2 −1.56 −5 6 −14 imp : n=1 u=7 TMP=2.719E−8 $upper g raph i t e
plug
238 105 0.0973261 −6 7 −14 15 imp : n=1 u=7 TMP=3.855E−8 $8 . 5 w/o f u e l
239 2 −1.56 −7 8 −14 imp : n=1 u=7 TMP=2.719E−8 $lower g raph i t e
plug
240 21 −7.86 −8 9 −14 imp : n=1 u=7 TMP=3.401E−8 $ inner spacer
241 21 −7.86 −9 10 −14 imp : n=1 u=7 TMP=3.401E−8 $bottom c ladd ing
242 21 −7.86 −10 −12 imp : n=1 u=7 TMP=3.401E−8 $bottom pin
243 21 −7.86 −3 10 14 −31 imp : n=1 u=7 TMP=3.401E−8 $ s i d e c ladd ing
244 1 −0.972 −2 500 13 imp : n=1 u=7 TMP=2.719E−8 $upper g r id p l a t e
245 3 −2.7 12 −501 imp : n=1 u=7 TMP=2.719E−8 $lower g r id p l a t e
246 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=7 TMP=2.719E−8
$water above g r i d p l a t e
247 1 −0.972 −500 3 13 −31 imp : n=1 u=7 TMP=2.719E−8 $water
below g r i d p l a t e
248 1 −0.972 −10 501 12 −31 imp : n=1 u=7 TMP=2.719E−8 $water
above lower g r i d p l a t e
249 5 −5.8 −15 −6 7 imp : n=1 u=7 TMP=4.366E−8 $zr plug
293 1 −0.972 31 −500 501 imp : n=1 u=7 TMP=2.719E−8 $water around
f u e l rod
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c Aluminum f u e l rod un ive r s e 8 . 0 w/o G r ing
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
250 22 −2.7 −12 2 imp : n=1 u=8 TMP=3.389E−8 $top pin
251 22 −2.7 −2 −13 16 imp : n=1 u=8 TMP=3.389E−8 $spacer
252 22 −2.7 −16 3 −22 imp : n=1 u=8 TMP=3.389E−8 $top claddng
253 22 −2.7 −3 18 −22 imp : n=1 u=8 TMP=3.389E−8 $ inner spacer
254 2 −1.56 −18 23 −22 imp : n=1 u=8 TMP=2.719E−8 $upper g raph i t e
255 10 .161768 −23 19 −22 imp : n=1 u=8 $sm poison
256 106 0.0766891 −19 20 −22 imp : n=1 u=8 TMP=3.933E−8 $8 w/o f u e l
257 10 .161768 −20 24 −22 imp : n=1 u=8 $sm Poison
258 2 −1.56 −24 8 −22 imp : n=1 u=8 TMP=2.719E−8 $lower g raph i t e
259 22 −2.7 −8 10 −22 imp : n=1 u=8 TMP=3.389E−8 $lower c ladd ing
260 22 −2.7 −10 −12 imp : n=1 u=8 TMP=3.389E−8 $bottom pin
261 22 −2.7 −16 10 22 −32 imp : n=1 u=8 TMP=3.389E−8 $ s i d e c ladd ing
262 1 −0.972 −2 500 13 imp : n=1 u=8 TMP=2.719E−8 $upper g r i d p l a t e
263 3 −2.7 12 −501 imp : n=1 u=8 TMP=3.389E−8 $lower g r i d p l a t e
264 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=8 TMP=2.719E−8
$water above upper g r i d p l a t e
265 1 −0.972 −500 16 13 −32 imp : n=1 u=8 TMP=2.719E−8 $water blow
upper g r i d p l a t e
266 1 −0.972 −10 501 12 −32 imp : n=1 u=8 TMP=2.719E−8 $water above
lower g r i d p l a t e
296 1 −0.972 32 −500 501 imp : n=1 u=8 TMP=2.719E−8 $water around




c S t a i n l e s s s t e e l f u e l rod un ive r s e 12 w/o f r e s h
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
267 4 −7.86 2 −12 imp : n=1 u=9 TMP=3.401E−8 $top pin
268 4 −7.86 −2 3 −13 imp : n=1 u=9 TMP=3.401E−8 $spacer
269 4 −7.86 −3 4 −14 imp : n=1 u=9 TMP=3.401E−8 $top c ladd ing
270 4 −7.86 −4 5 −14 imp : n=1 u=9 TMP=3.401E−8 $ inner spacer
271 2 −1.56 −5 6 −14 imp : n=1 u=9 TMP=2.719E−8 $upper g raph i t e plug
272 110 0.0967479 −6 7 −14 15 imp : n=1 u=9 $12 w/o f u e l
273 2 −1.56 −7 8 −14 imp : n=1 u=9 TMP=2.719E−8 $lower g raph i t e plug
274 4 −7.86 −8 9 −14 imp : n=1 u=9 TMP=3.401E−8 $ inner spacer
275 4 −7.86 −9 10 −14 imp : n=1 u=9 TMP=3.401E−8 $bottom c ladd ing
276 4 −7.86 −10 −12 imp : n=1 u=9 TMP=3.401E−8 $bottom pin
278 4 −7.86 −3 10 14 −31 imp : n=1 u=9 TMP=3.401E−8 $ s i d e c ladd ing
279 1 −0.972 −2 500 13 imp : n=1 u=9 TMP=2.719E−8 $upper g r id p l a t e
280 3 −2.7 12 −501 imp : n=1 u=9 TMP=2.719E−8 $lower g r id p l a t e
281 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=9 TMP=2.719E−8
$water above g r i d p l a t e
282 1 −0.972 −500 3 13 −31 imp : n=1 u=9 TMP=2.719E−8 $water below
g r i d p l a t e
283 1 −0.972 −10 501 12 −31 imp : n=1 u=9 TMP=2.719E−8 $water above
lower g r i d p l a t e
284 5 −5.8 −15 −6 7 imp : n=1 u=9 TMP=4.366E−8 $zr plug
294 1 −0.972 31 −500 501 imp : n=1 u=9 TMP=2.719E−8 $water around
f u e l rod
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c S t a i n l e s s s t e e l f u e l rod un ive r s e 8 .5 w/o f r e s h C r ing
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
850 4 −7.86 2 −12 imp : n=1 u=19 TMP=3.401E−8 $top pin
851 4 −7.86 −2 3 −13 imp : n=1 u=19 TMP=3.401E−8 $spacer
852 4 −7.86 −3 4 −14 imp : n=1 u=19 TMP=3.401E−8 $top c ladd ing
853 4 −7.86 −4 5 −14 imp : n=1 u=19 TMP=3.401E−8 $ inner spacer
854 2 −1.56 −5 6 −14 imp : n=1 u=19 TMP=2.719E−8 $upper g raph i t e
plug
855 112 0.0973261 −6 7 −14 15 imp : n=1 u=19 $8 . 5 w/o f u e l
856 2 −1.56 −7 8 −14 imp : n=1 u=19 TMP=2.719E−8 $lower g raph i t e
plug
857 4 −7.86 −8 9 −14 imp : n=1 u=19 TMP=3.401E−8 $ inner spacer
858 4 −7.86 −9 10 −14 imp : n=1 u=19 TMP=3.401E−8 $bottom c ladd ing
859 4 −7.86 −10 −12 imp : n=1 u=19 TMP=3.401E−8 $bottom pin
860 4 −7.86 −3 10 14 −31 imp : n=1 u=19 TMP=3.401E−8 $ s i d e c ladd ing
861 1 −0.972 −2 500 13 imp : n=1 u=19 TMP=2.719E−8 $upper g r id p l a t e
862 3 −2.7 12 −501 imp : n=1 u=19 TMP=2.719E−8 $lower g r id p l a t e
103
863 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=19 TMP=2.719E−8
$water above g r i d p l a t e
864 1 −0.972 −500 3 13 −31 imp : n=1 u=19 TMP=2.719E−8 $water
below g r i d p l a t e
865 1 −0.972 −10 501 12 −31 imp : n=1 u=19 TMP=2.719E−8 $water
above lower g r i d p l a t e
866 5 −5.8 −15 −6 7 imp : n=1 u=19 TMP=4.366E−8 $zr plug
867 1 −0.972 31 −500 501 imp : n=1 u=19 TMP=2.719E−8 $water around
f u e l rod
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c Aluminum f u e l rod un ive r s e 8 . 0 w/o f r e s h
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
520 3 −2.7 −12 2 imp : n=1 u=15 TMP=2.719E−8 $top pin
521 3 −2.7 −2 −13 16 imp : n=1 u=15 TMP=2.719E−8 $spacer
522 3 −2.7 −16 3 −22 imp : n=1 u=15 TMP=2.719E−8 $top claddng
523 3 −2.7 −3 18 −22 imp : n=1 u=15 TMP=2.719E−8 $ inner spacer
524 2 −1.56 −18 23 −22 imp : n=1 u=15 TMP=2.719E−8 $upper g raph i t e
525 10 .161768 −23 19 −22 imp : n=1 u=15 $sm poison
526 111 0.076689132 −19 20 −22 imp : n=1 u=15 $8 w/o f u e l
527 10 .161768 −20 24 −22 imp : n=1 u=15 $sm Poison
528 2 −1.56 −24 8 −22 imp : n=1 u=15 TMP=2.719E−8 $lower g raph i t e
529 3 −2.7 −8 10 −22 imp : n=1 u=15 TMP=2.719E−8 $lower c ladd ing
530 3 −2.7 −10 −12 imp : n=1 u=15 TMP=2.719E−8 $bottom pin
531 3 −2.7 −16 10 22 −32 imp : n=1 u=15 TMP=2.719E−8 $ s i d e c ladd ing
532 1 −0.972 −2 500 13 imp : n=1 u=15 TMP=2.719E−8 $upper g r i d p l a t e
533 3 −2.7 12 −501 imp : n=1 u=15 TMP=2.719E−8 $lower g r i d p l a t e
534 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=15 TMP=2.719E−8
$water above upper g r i d p l a t e
535 1 −0.972 −500 16 13 −32 imp : n=1 u=15 TMP=2.719E−8 $water blow
upper g r i d p l a t e
536 1 −0.972 −10 501 12 −32 imp : n=1 u=15 TMP=2.719E−8 $water above
lower g r i d p l a t e
537 1 −0.972 32 −500 501 imp : n=1 u=15 TMP=2.719E−8 $water around
f u e l rod
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c water c y l i n d e r
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
290 1 −0.972 −30 501 imp : n=1 u=14 TMP=2.719E−8
291 3 −2.7 −30 −501 imp : n=1 TMP=2.719E−8 u=14
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%%




718 21 −7.86 2 −12 imp : n=1 u=16 TMP=3.401E−8 $top pin
719 21 −7.86 −2 3 −13 imp : n=1 u=16 TMP=3.401E−8 $spacer
720 21 −7.86 −3 4 −14 imp : n=1 u=16 TMP=3.401E−8 $top c ladd ing
721 21 −7.86 −4 5 −14 imp : n=1 u=16 TMP=3.401E−8 $ inner spacer
722 2 −1.56 −5 6 −14 imp : n=1 u=16 TMP=2.719E−8 $upper g raph i t e
plug
723 91 0.0967593 −6 7 −14 15 imp : n=1 u=16 TMP=4.712E−8 $12 w/o f u e l
724 2 −1.56 −7 8 −14 imp : n=1 u=16 TMP=2.719E−8 $lower g raph i t e
plug
725 21 −7.86 −8 9 −14 imp : n=1 u=16 TMP=3.401E−8 $ inner spacer
726 21 −7.86 −9 10 −14 imp : n=1 u=16 TMP=3.401E−8 $bottom c ladd ing
727 21 −7.86 −10 −12 imp : n=1 u=16 TMP=3.401E−8 $bottom pin
728 21 −7.86 −3 10 14 −31 imp : n=1 u=16 TMP=3.401E−8 $ s i d e c ladd ing
729 1 −0.972 −2 500 13 imp : n=1 u=16 TMP=2.719E−8 $upper g r id p l a t e
730 3 −2.7 12 −501 imp : n=1 u=16 TMP=2.719E−8 TMP=2.719E−8 $lower
g r id p l a t e
731 1 −0.972 (−430 2 12) :( −12 −430 1) imp : n=1 u=16 $water above
g r i d p l a t e
732 1 −0.972 −500 3 13 −31 imp : n=1 u=16 TMP=2.719E−8 $water
below g r i d p l a t e
733 1 −0.972 −10 501 12 −31 imp : n=1 u=16 TMP=2.719E−8 $water
above lower g r i d p l a t e
734 5 −5.8 −15 −6 7 imp : n=1 u=16 $zr plug
735 1 −0.972 31 −500 501 imp : n=1 u=16 TMP=2.719E−8 $water around
f u e l rod
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c a i r c y l i n d e r
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
297 7 −1.0467e−3 −30 501 imp : n=1 u=17 TMP=2.719E−8
298 7 −1.0467e−3 −30 −501 imp : n=1 TMP=2.719E−8 u=17
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c f u l l at g r id p o s i t i o n s
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
c b r ing
100 0 −100 −1 11 f i l l =2(1) imp : n=1 $b−3
101 0 −101 −1 11 f i l l =2(2) imp : n=1 $b−4
102 0 −102 −1 11 f i l l =2(3) imp : n=1 $b−5
103 0 −103 −1 11 f i l l =2(4) imp : n=1 $b−6
104 0 −104 −1 11 f i l l =1(5) imp : n=1 $b−1
105 0 −105 −1 11 f i l l =2(6) imp : n=1 $b−2
c
c c−r i ng
105
106 0 −106 −1 11 f i l l =16(7) imp : n=1 $C−5
107 0 −107 −1 11 f i l l =4(8) imp : n=1 $C−6
108 0 −108 −1 11 f i l l =4(9) imp : n=1 $C−7
109 0 −109 −1 11 f i l l =4(10) imp : n=1 $C−8
110 0 −110 −1 11 f i l l =19(11) imp : n=1 $C−9
111 0 −111 −1 11 f i l l =16(12) imp : n=1 $C−11
112 0 −112 −1 11 f i l l =4(13) imp : n=1 $C−12
113 0 −113 −1 11 f i l l =4(14) imp : n=1 $C−1
114 0 −114 −1 11 f i l l =4(15) imp : n=1 $C−2
115 0 −115 −1 11 f i l l =19(16) imp : n=1 $C−3
116 0 −116 −430 431 f i l l =13(203) imp : n=1 $C−10
117 0 −117 −430 431 f i l l =12(204) imp : n=1 $C−4
c
c d r ing
118 0 −118 −430 431 f i l l =11(201) imp : n=1 $D−10
119 0 −119 −430 431 f i l l =10(202) imp : n=1 $D−1
120 0 −120 −1 11 f i l l =5(21) imp : n=1 $D−6
121 0 −121 −1 11 f i l l =5(22) imp : n=1 $D−7
122 0 −122 −1 11 f i l l =5(23) imp : n=1 $D−8
123 0 −123 −1 11 f i l l =5(24) imp : n=1 $D−9
124 0 −124 −1 11 f i l l =5(25) imp : n=1 $D−11
125 0 −125 −1 11 f i l l =5(26) imp : n=1 $D−12
126 0 −126 −1 11 f i l l =5(27) imp : n=1 $D−13
127 0 −127 −1 11 f i l l =5(28) imp : n=1 $D−14
128 0 −128 −1 11 f i l l =5(29) imp : n=1 $D−15
129 0 −129 −1 11 f i l l =5(30) imp : n=1 $D−16
130 0 −130 −1 11 f i l l =5(31) imp : n=1 $D−17
131 0 −131 −1 11 f i l l =5(32) imp : n=1 $D−18
132 0 −132 −1 11 f i l l =5(33) imp : n=1 $D−2
133 0 −133 −1 11 f i l l =5(34) imp : n=1 $D−3
134 0 −134 −1 11 f i l l =5(35) imp : n=1 $D−4
135 0 −135 −1 11 f i l l =5(36) imp : n=1 $D−5
c
c e r ing
136 0 −136 −1 11 f i l l =6(37) imp : n=1 $E−8
137 0 −137 −1 11 f i l l =6(38) imp : n=1 $E−9
138 0 −138 −1 11 f i l l =6(39) imp : n=1 $E−10
139 0 −139 −1 11 f i l l =6(40) imp : n=1 $E−11
140 0 −140 −1 11 f i l l =6(41) imp : n=1 $E−12
141 0 −141 −1 11 f i l l =6(42) imp : n=1 $E−13
142 0 −142 −1 11 f i l l =6(43) imp : n=1 $E−14
143 0 −143 −1 11 f i l l =6(44) imp : n=1 $E−15
144 0 −144 −1 11 f i l l =6(45) imp : n=1 $E−16
145 0 −145 −1 11 f i l l =6(46) imp : n=1 $E−17
146 0 −146 −1 11 f i l l =6(47) imp : n=1 $E−18
147 0 −147 −1 11 f i l l =6(48) imp : n=1 $E−19
148 0 −148 −1 11 f i l l =6(49) imp : n=1 $E−20
106
149 0 −149 −1 11 f i l l =6(50) imp : n=1 $E−21
150 0 −150 −1 11 f i l l =6(51) imp : n=1 $E−22
151 0 −151 −1 11 f i l l =6(52) imp : n=1 $E−23
152 0 −152 −1 11 f i l l =6(53) imp : n=1 $E−24
153 0 −153 −1 11 f i l l =6(54) imp : n=1 $E−1
154 0 −154 −1 11 f i l l =6(55) imp : n=1 $E−2
155 0 −155 −1 11 f i l l =6(56) imp : n=1 $E−3
156 0 −156 −1 11 f i l l =6(57) imp : n=1 $E−4
157 0 −157 −1 11 f i l l =6(58) imp : n=1 $E−5
158 0 −158 −1 11 f i l l =6(59) imp : n=1 $E−6
159 0 −159 −1 11 f i l l =6(60) imp : n=1 $E−7
c
c f r i ng
160 0 −160 −1 11 f i l l =3(61) imp : n=1 $F−9
161 0 −161 −1 11 f i l l =3(62) imp : n=1 $F−10
162 0 −162 −1 11 f i l l =3(63) imp : n=1 $F−11
163 0 −163 −1 11 f i l l =3(64) imp : n=1 $F−12
164 0 −164 −1 11 f i l l =3(65) imp : n=1 $F−13
165 0 −165 −1 11 f i l l =3(66) imp : n=1 $F−14
166 0 −166 −1 11 f i l l =3(67) imp : n=1 $F−15
167 0 −167 −1 11 f i l l =3(68) imp : n=1 $F−16
168 0 −168 −1 11 f i l l =3(69) imp : n=1 $F−17
169 0 −169 −1 11 f i l l =3(70) imp : n=1 $F−18
170 0 −170 −1 11 f i l l =3(71) imp : n=1 $F−19
171 0 −171 −1 11 f i l l =3(72) imp : n=1 $F−20
172 0 −172 −1 11 f i l l =3(73) imp : n=1 $F−21
173 0 −173 −1 11 f i l l =3(74) imp : n=1 $F−22
174 0 −174 −1 11 f i l l =3(75) imp : n=1 $F−23
175 0 −175 −1 11 f i l l =3(76) imp : n=1 $F−24
176 0 −176 −1 11 f i l l =3(77) imp : n=1 $F−25
177 0 −177 −1 11 f i l l =3(78) imp : n=1 $F−26
178 0 −178 −1 11 f i l l =3(79) imp : n=1 $F−27
179 0 −179 −1 11 f i l l =3(80) imp : n=1 $F−28
180 0 −180 −1 11 f i l l =3(81) imp : n=1 $F−29
181 0 −181 −1 11 f i l l =3(82) imp : n=1 $F−30
182 0 −182 −1 11 f i l l =3(83) imp : n=1 $F−1
183 0 −183 −1 11 f i l l =3(84) imp : n=1 $F−2
184 0 −184 −1 11 f i l l =3(85) imp : n=1 $F−3
185 0 −185 −1 11 f i l l =3(86) imp : n=1 $F−4
186 0 −186 −1 11 f i l l =3(87) imp : n=1 $F−5
187 0 −187 −1 11 f i l l =3(88) imp : n=1 $F−6
188 0 −188 −1 11 f i l l =3(89) imp : n=1 $F−7
189 0 −189 −1 11 f i l l =3(90) imp : n=1 $F−8
c
c g r ing
190 0 −190 −1 11 f i l l =8(91) imp : n=1 $G−10
191 0 −191 −1 11 f i l l =7(92) imp : n=1 $G−11
107
192 0 −192 −1 11 f i l l =8(93) imp : n=1 $G−12
193 0 −193 −1 11 f i l l =7(94) imp : n=1 $G−13
194 0 −194 −1 11 f i l l =8(95) imp : n=1 $G−14
195 0 −195 −1 11 f i l l =7(96) imp : n=1 $G−15
196 0 −196 −1 11 f i l l =8(97) imp : n=1 $G−16
197 0 −197 −1 11 f i l l =7(98) imp : n=1 $G−17
198 0 −198 −1 11 f i l l =8(99) imp : n=1 $G−18
199 0 −199 −1 11 f i l l =7(100) imp : n=1 $G−19
200 0 −200 −1 11 f i l l =8(101) imp : n=1 $G−20
201 0 −201 −1 11 f i l l =7(102) imp : n=1 $G−21
202 0 −202 −1 11 f i l l =8(103) imp : n=1 $G−22
203 0 −203 −1 11 f i l l =7(104) imp : n=1 $G−23
204 0 −204 −1 11 f i l l =8(105) imp : n=1 $G−24
205 0 −205 −1 11 f i l l =7(106) imp : n=1 $G−25
206 0 −206 −1 11 f i l l =8(107) imp : n=1 $G−26
207 0 −207 −1 11 f i l l =7(108) imp : n=1 $G−27
208 0 −208 −1 11 f i l l =8(109) imp : n=1 $G−28
209 0 −209 −1 11 f i l l =7(110) imp : n=1 $G−29
210 0 −210 −1 11 f i l l =8(111) imp : n=1 $G−30
211 0 −211 −1 11 f i l l =7(112) imp : n=1 $G−31
212 0 −212 −1 11 f i l l =8(113) imp : n=1 $G−32
213 0 −213 −1 11 f i l l =7(114) imp : n=1 $G−33
214 0 −214 −1 11 f i l l =8(115) imp : n=1 $G−34
215 0 −215 −1 11 f i l l =7(116) imp : n=1 $G−35
216 0 −216 −1 11 f i l l =8(117) imp : n=1 $G−36
217 0 −217 −1 11 f i l l =7(118) imp : n=1 $G−1
218 0 −218 −1 11 f i l l =8(119) imp : n=1 $G−2
219 0 −219 −1 11 f i l l =7(120) imp : n=1 $G−3
220 0 −220 −1 11 f i l l =8(121) imp : n=1 $G−4
221 0 −221 −1 11 f i l l =7(122) imp : n=1 $G−5
222 0 −222 −1 11 f i l l =8(123) imp : n=1 $G−6
223 0 −223 −1 11 f i l l =7(124) imp : n=1 $G−7
224 0 −224 −1 11 f i l l =8(125) imp : n=1 $G−8
225 0 −225 −1 11 f i l l =7(126) imp : n=1 $G−9
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c Centra l Thimble
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
300 4 −7.86 300 −301 −302 11 imp : n=1 TMP=2.719E−8
301 7 −1.0467e−3 −300 −302 1003 imp : n=1
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c core s h e l l / l i n e r
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c




c r e f l e c t o r
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
410 3 −2.7 −315 422 −420 425 imp : n=1 TMP=2.719E−8 $top edge o f
r e f l e c t o r cover ing
411 3 −2.7 −422 421 −420 423 imp : n=1 TMP=2.719E−8 $outer edge o f
r e f l e c t o r cover ing
412 3 −2.7 423 −419 −421 411 imp : n=1 TMP=2.719E−8 $bottom edge o f
r e f l e c t o r cover ing
c 413 3 −2.7 −424 427 425 −422 imp : n=1 $edge near l z
c 414 3 −2.7 411 −424 428 −427 imp : n=1 $edge under l z
415 15 −1.69786 (411 419 −421 −427) : ( 425 −421 −422 427) imp : n=1 TMP







420 7 −1.0467e−3 −429 411 −312 428 imp : n=1 $ 1 inch a i r gap
421 3 −2.7 −310 429 −2 428 imp : n=1 TMP=2.719E−8 $ inner wa l l
322 3 −2.7 −428 427 411 −425 imp : n=1 TMP=2.719E−8 $ bottom wal l
323 3 −2.7 311 −314 428 −425 imp : n=1 TMP=2.719E−8 $ outer wa l l
324 13 −0.540837 (−314 2 411 −311) :( −313 312 −311 310) :
(313 −311 310 −2) imp : n=1 TMP=2.719E−8 $ upper wa l l /aluminum block f o r
a i r
325 7 −1.0467e−3 310 −311 −312 428 imp : n=1 $ a i r in l azy susan
326 3 −2.7 (−2 312 −429 411) imp : n=1 TMP=2.719E−8 $ aluminum block on
top o f a i r gap and aluminum above a i r in l azy susan
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%




448 12 −1 462: −452:(451 452 −462) u=10 imp : n=1 $ water
c 449 1 −0.972 −452 u=10 imp : n=1
450 21 −7.86 −462 461 −450 u=10 imp : n=1 TMP=3.401E−8 $ s t a i n l e s s s t e e l
451 2 −1.75 −461 460 −450 u=10 imp : n=1 TMP=2.719E−8 $ Graphite
452 21 −7.86 −460 459 −450 u=10 imp : n=1 TMP=3.401E−8 $ s t a i n l e s s s t e e l
spacer
453 6 −1.72066 −474 458 −473 u=10 imp : n=1 $ poison
700 6 −1.72066 −475 474 −483 u=10 imp : n=1
701 6 −1.72066 −476 475 −484 u=10 imp : n=1
109
702 6 −1.72066 −459 476 −485 u=10 imp : n=1
454 21 −7.86 −458 457 −450 u=10 imp : n=1 TMP=3.401E−8 $ s t a i n l e s s s t e e l
spacer
455 5 −5.8 −15 −457 456 u=10 imp : n=1 TMP=4.366E−8 $zr plug
456 109 0.0974388 15 −457 456 −450 u=10 imp : n=1 TMP=4.659E−8 $ f u e l
457 21 −7.86 −456 455 −450 u=10 imp : n=1 TMP=3.401E−8 $ s t a i n l e s s s t e e l
spacer
458 2 −1.75 −455 454 −450 u=10 imp : n=1 TMP=2.719E−8 $ graph i t e
459 21 −7.86 −454 −450 452 u=10 imp : n=1 TMP=3.401E−8 $ s t a i n l e s s s t e e l
spacer
460 21 −7.86 450 −462 452 −451 u=10 imp : n=1 TMP=3.401E−8 $ S t a i n l e s s
s t e e l
4061 2 −1.75 −450 −459 458 #453 #700 #701 #702 u=10 imp : n=1 TMP=2.719E
−8 $ graph i t e around poison
c
c shim 1
446 12 −1 462: −452:(451 452 −462) u=11 imp : n=1
c 447 1 −0.972 −452 u=11 imp : n=1
461 21 −7.86 −462 461 −450 u=11 imp : n=1 TMP=3.401E−8
462 2 −1.75 −461 460 −450 u=11 imp : n=1 TMP=2.719E−8 $ graph i t e
463 21 −7.86 −460 459 −450 u=11 imp : n=1 TMP=3.401E−8
464 6 −1.72066 −474 458 −472 u=11 imp : n=1 $ Poison
703 6 −1.72066 −475 474 −480 u=11 imp : n=1
704 6 −1.72066 −476 475 −481 u=11 imp : n=1
705 6 −1.72066 −459 476 −482 u=11 imp : n=1 $ End Poison
465 21 −7.86 −458 457 −450 u=11 imp : n=1 TMP=3.401E−8
466 5 −5.8 −15 −457 456 u=11 imp : n=1 TMP=4.366E−8
467 108 0.0973729 15 −457 456 −450 u=11 TMP=4.572E−8 imp : n=1
468 21 −7.86 −456 455 −450 u=11 imp : n=1 TMP=3.401E−8
469 2 −1.75 −455 454 −450 u=11 imp : n=1 TMP=2.719E−8 $ graph i t e
470 21 −7.86 −454 −450 452 u=11 imp : n=1 TMP=3.401E−8
471 21 −7.86 450 −462 452 −451 u=11 imp : n=1 TMP=3.401E−8
4072 2 −1.75 −459 458 −450 #464 #703 #704 #705 u=11 imp : n=1 TMP=2.719E
−8 $ graph i t e around
c
c reg rod
444 12 −1 462: −452:(451 452 −462) u=12 imp : n=1
c 445 1 −0.972 −452 u=12 imp : n=1
472 21 −7.86 −462 461 −450 u=12 imp : n=1 TMP=3.401E−8
473 2 −1.75 −461 460 −450 u=12 imp : n=1 TMP=2.719E−8 $graph i t e
474 21 −7.86 −460 459 −450 u=12 imp : n=1 TMP=3.401E−8
475 6 −1.72066 −474 458 −453 u=12 imp : n=1 $poison
706 6 −1.72066 −475 474 −453 u=12 imp : n=1
707 6 −1.72066 −476 475 −453 u=12 imp : n=1
708 6 −1.72066 −459 476 −453 u=12 imp : n=1 $ End Poison
476 21 −7.86 −458 457 −450 u=12 imp : n=1 TMP=3.401E−8
477 5 −5.8 −15 −457 456 u=12 imp : n=1 TMP=4.366E−8
110
478 107 0.0973809 15 −457 456 −450 u=12 imp : n=1 TMP=4.659E−8
479 21 −7.86 −456 455 −450 u=12 imp : n=1 TMP=3.401E−8
480 2 −1.75 −455 454 −450 u=12 imp : n=1 TMP=2.719E−8 $g rah i t e
481 21 −7.86 −454 −450 452 u=12 imp : n=1 TMP=3.401E−8
482 21 −7.86 450 −462 452 −451 u=12 imp : n=1 TMP=3.401E−8
4083 2 −1.75 453 −450 −459 458 u=12 imp : n=1 TMP=2.719E−8 $ graph i t e
around poison
c
c t r a n s c i e n t rod
483 3 −2.7 −462 468 −470 u=13 TMP=2.719E−8 imp : n=1 TMP=2.719E−8
484 2 −1.75 −468 467 −470 u=13 imp : n=1 TMP=2.719E−8 $graph i t e
485 3 −2.7 −467 466 −470 u=13 TMP=2.719E−8 imp : n=1 TMP=2.719E−8
486 6 −1.72066 −477 465 −471 u=13 imp : n=1 $ Poison
709 6 −1.72066 −478 477 −486 u=13 imp : n=1
710 6 −1.72066 −479 478 −487 u=13 imp : n=1
711 6 −1.72066 −466 479 −488 u=13 imp : n=1 $End Poison
487 3 −2.7 −465 464 −470 u=13 TMP=2.719E−8 imp : n=1 TMP=2.719E−8
488 7 −1.0467e−3 −464 454 −470 u=13 imp : n=1
489 3 −2.7 −454 −470 452 u=13 imp : n=1 TMP=2.719E−8
490 3 −2.7 −469 470 −462 452 u=13 imp : n=1 TMP=2.719E−8
491 12 −1 462: −452:(469 −462 452) u=13 imp : n=1
4092 2 −1.75 −470 465 −466 #486 #709 #710 #711 u=13 imp : n=1 TMP=2.719E
−8 $ graph i t e around poison






c water in core
500 1 −0.972 (−410 501 −500
c 630 $ t r i f l u t
301 $ c e n t r a l thimble
105 104 103 102 101 100 998 1005 999 $b−r i ng
106 107 108 109 110 111 112 113 114 115 230 $ c−r i ng 450 474 462 486
116 119 118 117 120 121 122 123 124 125 126 128 129 130 127
131 132 133 134 135 $ d−r i ng
136 137 138 139 140 141 142 143 144 145 148 149 146 147
150 151 152 153 154 155 156 157 158 159 232 236 240 244 $e r ing
160 161 162 163 164 165 166 167 168 169 170 171
172 173 174 175 176 177 178 179 180 181 182 183
184 185 186 187 188 189 233 237 241 245 $ f r i ng
190 191 192 193 194 195 196 197 198 199 200 201 202
203 204 205 206 207 208 209 210 211 212 213 214 215 216
217 218 219 220 221 222 223 224 225 234 242) $ g r ing
imp : n=1 TMP=2.719E−8
c
111
c water out s i d e core
501 12 −1
(−411 −1 2 $2
c 630 $ t r i f l u t
301 $ c e n t r a l thimble
105 104 103 102 101 100 998 1005 999 $b−r i ng
106 107 108 109 110 111 112 113 114 115 230 $ c−r i ng 450 474 462 486
116 119 118 117 120 121 122 123 124 125 126 127
128 129 130 131 132 133 134 135 $ d−r i ng
136 137 138 139 140 141 142 143 144 145 148 149 146 147
150 151 152 153 154 155 156 157 158 159 232 236 240 244 $e r ing
160 161 162 163 164 165 166 167 168 169 170 171
172 173 174 175 176 177 178 179 180 181 182 183
184 185 186 187 188 189 233 237 241 245 $ f r i ng
190 191 192 193 194 195 196 197 198 199 200 201 202
203 204 205 206 207 208 209 210 211 212 213 214 215 216
217 218 219 220 221 222 223 224 225 234 242) : $ g r ing
(−119 −431 1001) :( −118 −431 1001) : $shim 1 and shim 2
(−117 −431 1001) :( −116 −431 1001) : $reg and pu l s e rods
(−411 −1003 1 301 116 117 118 119) : $water in the c o n t r o l area to
compensate f o r movement
(−425 314 −1003 411) : $water above lazy susan
(−116 430 −1003) :
(−119 430 −1003) :( −118 430 −1003) :( −117 430 −1003) : $water in c o n t r o l
rod area f o r movement
(11 −423 411 −420) : $water below r e f l e c t o r
c This next part has the exp beam tube added to i t as s u r f a c e 601
c take out 601 i f you want to remove the exp beam tube
(−1000 425 315 −1003) :( −1000 420 −2 11) :
(452 −431 1001 −1000) :( −11 −1000 1001 116 117 118 119) $ below core
imp : n=1
c
c water in ct
502 1 −0.972 (−1003 11 −300) $ 511) :
c ( −511 −515 11) : (−511 513 −1003) $ CT can in CT f o r f l u x
f o i l s
imp : n=1 TMP=2.719E−8
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c g r i d p l a t e s
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c upper g r i d p l a t e
600 3 −2.7 −410 −2 500
c 630 $ t r i f l u t
301 $ c e n t r a l thimble
105 104 103 102 101 100 998 1005 999 $b−r i ng
106 107 108 109 110 111 112 113 114 115 230 $ c−r i ng 450 474 462 486
112
116 119 118 117 120 121 122 123 124 125 126 127
128 129 130 131 132 133 134 135 $ d−r i ng
136 137 138 139 140 141 142 143 144 145 148 149 146 147
150 151 152 153 154 155 156 157 158 159 232 236 240 244 $e r ing
160 161 162 163 164 165 166 167 168 169 170 171
172 173 174 175 176 177 178 179 180 181 182 183
184 185 186 187 188 189 233 237 241 245 $ f r i ng
190 191 192 193 194 195 196 197 198 199 200 201 202
203 204 205 206 207 208 209 210 211 212 213 214 215 216
217 218 219 220 221 222 223 224 225 234 242 $ g r ing
imp : n=1 TMP=2.719E−8
c
c lower g r i d p l a t e
601 3 −2.7 −410 11 −501
301 $ c e n t r a l thimble
105 104 103 102 101 100 998 1005 999 $b−r i ng
106 107 108 109 110 111 112 113 114 115 230 $ c−r i ng 450 474 462 486
116 119 118 117 120 121 122 123 124 125 126 127
128 129 130 131 132 133 134 135 $ d−r i ng
136 137 138 139 140 141 142 143 144 145 148 149 146 147
150 151 152 153 154 155 156 157 158 159 232 236 240 244 $e r ing
160 161 162 163 164 165 166 167 168 169 170 171
172 173 174 175 176 177 178 179 180 181 182 183
184 185 186 187 188 189 233 237 241 245 $ f r i ng
190 191 192 193 194 195 196 197 198 199 200 201 202
203 204 205 206 207 208 209 210 211 212 213 214 215 216
217 218 219 220 221 222 223 224 225 234 242 $ g r ing










2001 3 −2.7 −2001 2 −1 imp : n=1 $ Al cap
2002 3 −2.7 −2 −2001 2002 2007 imp : n=1 $ Al ho lder
2003 3 −2.7 −2001 −2007 2009 imp : n=1 $ Al Bottom
2004 11 −2.69999 −2003 2010 −2008 imp : n=1 $ Al−Gold f o i l
2005 7 −1.0467e−3 (−2002 −2 2007 2003) : ( 2008 −2 −2003) imp : n=1 $ Air
i n s i d e the Al







2011 3 −2.7 −2011 2 −1 imp : n=1 $ Al cap
2012 3 −2.7 −2 −2011 2012 2017 imp : n=1 $ Al ho lder
2013 3 −2.7 −2011 −2017 2019 imp : n=1 $ Al Bottom
2014 11 −2.69999 −2013 2020 −2018 imp : n=1 $ Al−Gold f o i l
2015 7 −1.0467e−3 (−2012 −2 2017 2013) : ( 2018 −2 −2013) imp : n=1 $ Air
i n s i d e the Al






2021 3 −2.7 −2021 2 −1 imp : n=1 $ Al cap
2022 3 −2.7 −2 −2021 2022 2027 imp : n=1 $ Al ho lder
2023 3 −2.7 −2021 −2027 2029 imp : n=1 $ Al Bottom
2024 11 −2.69999 −2023 2030 −2028 imp : n=1 $ Al−Gold f o i l
2025 7 −1.0467e−3 (−2022 −2 2027 2023) : ( 2028 −2 −2023) imp : n=1 $ Air
i n s i d e the Al






2031 3 −2.7 −2031 2 −1 imp : n=1 $ Al cap
2032 3 −2.7 −2 −2031 2032 2037 imp : n=1 $ Al ho lder
2033 3 −2.7 −2031 −2037 2039 imp : n=1 $ Al Bottom
2034 11 −2.69999 −2033 2040 −2038 imp : n=1 $ Al−Gold f o i l
2035 7 −1.0467e−3 (−2032 −2 2037 2033) : ( 2038 −2 −2033) imp : n=1 $ Air
i n s i d e the Al







2041 3 −2.7 −2041 2 −1 imp : n=1 $ Al cap
2042 3 −2.7 −2 −2041 2042 2047 imp : n=1 $ Al ho lder
2043 3 −2.7 −2041 −2047 2049 imp : n=1 $ Al Bottom
2044 11 −2.69999 −2043 2050 −2048 imp : n=1 $ Al−Gold f o i l
2045 7 −1.0467e−3 (−2042 −2 2047 2043) : ( 2048 −2 −2043) imp : n=1 $ Air
i n s i d e the Al







2051 3 −2.7 −2051 2 −1 imp : n=1 $ Al cap
2052 3 −2.7 −2 −2051 2052 2057 imp : n=1 $ Al ho lder
2053 3 −2.7 −2051 −2057 2059 imp : n=1 $ Al Bottom
2054 11 −2.69999 −2053 2060 −2058 imp : n=1 $ Al−Gold f o i l
2055 7 −1.0467e−3 (−2052 −2 2057 2053) : ( 2058 −2 −2053) imp : n=1 $ Air
i n s i d e the Al






2061 3 −2.7 −2061 2 −1 imp : n=1 $ Al cap
2062 3 −2.7 −2 −2061 2062 2067 imp : n=1 $ Al ho lder
2063 3 −2.7 −2061 −2067 2069 imp : n=1 $ Al Bottom
2064 11 −2.69999 −2063 2070 −2068 imp : n=1 $ Al−Gold f o i l
2065 7 −1.0467e−3 (−2062 −2 2067 2063) : ( 2068 −2 −2063) imp : n=1 $ Air
i n s i d e the Al






2071 3 −2.7 −2071 2 −1 imp : n=1 $ Al cap
2072 3 −2.7 −2 −2071 2072 2077 imp : n=1 $ Al ho lder
2073 3 −2.7 −2071 −2077 2079 imp : n=1 $ Al Bottom
2074 11 −2.69999 −2073 2080 −2078 imp : n=1 $ Al−Gold f o i l
2075 7 −1.0467e−3 (−2072 −2 2077 2073) : ( 2078 −2 −2073) imp : n=1 $ Air
i n s i d e the Al






2081 3 −2.7 −2081 2 −1 imp : n=1 $ Al cap
2082 3 −2.7 −2 −2081 2082 2087 imp : n=1 $ Al ho lder
2083 3 −2.7 −2081 −2087 2089 imp : n=1 $ Al Bottom
2084 11 −2.69999 −2083 2090 −2088 imp : n=1 $ Al−Gold f o i l
2085 7 −1.0467e−3 (−2082 −2 2087 2083) : ( 2088 −2 −2083) imp : n=1 $ Air
i n s i d e the Al
115






2091 3 −2.7 −2091 2 −1 imp : n=1 $ Al cap
2092 3 −2.7 −2 −2091 2092 2097 imp : n=1 $ Al ho lder
2093 3 −2.7 −2091 −2097 2099 imp : n=1 $ Al Bottom
2094 11 −2.69999 −2093 2100 −2098 imp : n=1 $ Al−Gold f o i l
2095 7 −1.0467e−3 (−2092 −2 2097 2093) : ( 2098 −2 −2093) imp : n=1 $ Air
i n s i d e the Al






2101 3 −2.7 −2101 2 −1 imp : n=1 $ Al cap
2102 3 −2.7 −2 −2101 2102 2107 imp : n=1 $ Al ho lder
2103 3 −2.7 −2101 −2107 2109 imp : n=1 $ Al Bottom
2104 11 −2.69999 −2103 2110 −2108 imp : n=1 $ Al−Gold f o i l
2105 7 −1.0467e−3 (−2102 −2 2107 2103) : ( 2108 −2 −2103) imp : n=1 $ Air
i n s i d e the Al






2111 3 −2.7 −2111 2 −1 imp : n=1 $ Al cap
2112 3 −2.7 −2 −2111 2112 2117 imp : n=1 $ Al ho lder
2113 3 −2.7 −2111 −2117 2119 imp : n=1 $ Al Bottom
2114 11 −2.69999 −2113 2120 −2118 imp : n=1 $ Al−Gold f o i l
2115 7 −1.0467e−3 (−2112 −2 2117 2113) : ( 2118 −2 −2113) imp : n=1 $ Air
i n s i d e the Al






2121 3 −2.7 −2121 2 −1 imp : n=1 $ Al cap
2122 3 −2.7 −2 −2121 2122 2127 imp : n=1 $ Al ho lder
2123 3 −2.7 −2121 −2127 2129 imp : n=1 $ Al Bottom
2124 11 −2.69999 −2123 2130 −2128 imp : n=1 $ Al−Gold f o i l
116
2125 7 −1.0467e−3 (−2122 −2 2127 2123) : ( 2128 −2 −2123) imp : n=1 $ Air
i n s i d e the Al






2131 3 −2.7 −2131 2 −1 imp : n=1 $ Al cap
2132 3 −2.7 −2 −2131 2132 2137 imp : n=1 $ Al ho lder
2133 3 −2.7 −2131 −2137 2139 imp : n=1 $ Al Bottom
2134 11 −2.69999 −2133 2140 −2138 imp : n=1 $ Al−Gold f o i l
2135 7 −1.0467e−3 (−2132 −2 2137 2133) : ( 2138 −2 −2133) imp : n=1 $ Air
i n s i d e the Al




c a i r above water
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
900 7 −1.0467e−3 (1003 −302 −1000 301) :





1000 0 302: −1001:1000 imp : n=0
c ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗




c S t a i n l e s s s t e e l f u e l rod
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
1 pz 36.3812 $top s u r f a c e f o r pin
2 pz 33.2189 $bottom s u r f a c e f o r upper pin
3 pz 29.1338 $top s u r f a c e o f c ladd ing
4 pz 29 .083 $ inner s u r f a c e o f top c ladd ing
5 pz 27.8638 $upper s u r f a c e o f g raph i t e
6 pz 19 .05 $upper s u r f a c e o f f u e l
7 pz −19.05 $lower s u r f a c e o f f u e l
8 pz −27.8638 $lower s u r f a c e o f bottom graph i t e
9 pz −29.1338 $ inner s u r f a c e o f bottom c ladd ing
10 pz −29.1846 $outer s u r f a c e o f bottom c ladd ing
117
11 pz −35.6786 $bottom s u r f a c e o f lower pin
c
c v e r t i c a l s u r f a c e s
12 cz 0 .7874 $top and bottom pins
13 cz 0 .92 $spacer
14 cz 1 .8161 $ inner s u r f a c e c ladd ing
15 cz 0 .3175 $ zr plug
31 cz 1 .8669 $ s s outer s u r f a c e
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c Aluminum f u e l rod
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
c h o r i z o n t a l s u r f a c e s
16 pz 29 .21 $ upper pin
18 pz 27.9392 $ lower
19 pz 17 .78
20 pz −17.78
23 pz 17 .907
24 pz −17.907
c
c v e r t i c a l s u r f a c e s
22 cz 1 .8034 $ inner s u r f a c e c ladd ing
32 cz 1 .8796 $ out t e r s u r f a c e o f c ladd ing
c
c v e r t i c a l s u r f a c e f o r water to r e p l a c e f u e l e lements




c gr id p o s i t i o n s
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
c b r ing
100 c/z 1 .05 3 .91 1 .91135
101 c/z 3 .91 1 .05 1 .91135
102 c/z 2 .87 −2.87 1 .91135
103 c/z −1.05 −3.91 1 .91135
104 c/z −3.91 −1.05 1 .91135
105 c/z −2.87 2 .87 1 .91135
c
c c r ing
106 c/z 3 .99 6 .91 1 .91135
107 c/z 6 .91 3 .99 1 .91135
108 c/z 7 .68 0 .00 1 .91135
109 c/z 6 .91 −3.99 1 .91135
118
110 c/z 3 .99 −6.91 1 .91135
111 c/z −3.99 −6.91 1 .91135
112 c/z −6.91 −3.99 1 .91135
113 c/z −7.68 0 .00 1 .91135
114 c/z −6.91 3 .99 1 .91135
115 c/z −3.99 6 .91 1 .91135
116 c/z 0 −7.98 1 .91135
117 c/z 0 7 .98 1 .91135
c
c d r ing
118 c/z 11 .95 0 1.91135
119 c/z −11.95 0 1.91135
120 c/z 2 .07 11 .30 1 .91135
121 c/z 5 .97 10 .35 1 .91135
122 c/z 9 .15 7 .68 1 .91135
123 c/z 11 .25 4 .26 1 .91135
124 c/z 11 .22 −4.08 1 .91135
125 c/z 9 .15 −7.68 1 .91135
126 c/z 5 .97 −10.35 1 .91135
127 c/z 2 .22 −11.77 1 .91135
128 c/z −2.07 −11.30 1 .91135
129 c/z −5.97 −10.35 1 .91135
130 c/z −9.15 −7.68 1 .91135
131 c/z −11.22 −4.08 1 .91135
132 c/z −11.25 4 .26 1 .91135
133 c/z −9.15 7 .68 1 .91135
134 c/z −5.97 10 .35 1 .91135
135 c/z −2.22 11 .77 1 .91135
c
c e r ing
136 c/z 4 .12 15 .37 1 .91135
137 c/z 7 .96 13 .78 1 .91135
138 c/z 11 .25 11 .25 1 .91135
139 c/z 13 .78 7 .96 1 .91135
140 c/z 15 .37 4 .12 1 .91135
141 c/z 15 .92 0 .00 1 .91135
142 c/z 15 .37 −4.12 1 .91135
143 c/z 13 .78 −7.96 1 .91135
144 c/z 11 .25 −11.25 1 .91135
145 c/z 7 .96 −13.78 1 .91135
146 c/z 4 .21 −15.20 1 .91135
147 c/z 0 .24 −15.20 1 .91135
148 c/z −4.12 −15.37 1 .91135
149 c/z −7.96 −13.78 1 .91135
150 c/z −11.25 −11.25 1 .91135
151 c/z −13.78 −7.96 1 .91135
152 c/z −15.37 −4.12 1 .91135
119
153 c/z −15.92 0 .00 1 .91135
154 c/z −15.37 4 .12 1 .91135
155 c/z −13.78 7 .96 1 .91135
156 c/z −11.25 11 .25 1 .91135
157 c/z −7.96 13 .78 1 .91135
158 c/z −0.24 15 .20 1 .91135
159 c/z −4.21 15 .20 1 .91135
c
c f r i ng
160 c/z 2 .08 19 .78 1 .91135
161 c/z 6 .15 18 .92 1 .91135
162 c/z 9 .94 17 .22 1 .91135
163 c/z 13 .31 14 .78 1 .91135
164 c/z 16 .09 11 .69 1 .91135
165 c/z 18 .17 8 .09 1 .91135
166 c/z 19 .45 4 .14 1 .91135
167 c/z 19 .89 0 .00 1 .91135
168 c/z 19 .45 −4.14 1 .91135
169 c/z 18 .17 −8.09 1 .91135
170 c/z 16 .09 −11.69 1 .91135
171 c/z 13 .31 −14.78 1 .91135
172 c/z 9 .94 −17.22 1 .91135
173 c/z 6 .15 −18.92 1 .91135
174 c/z 2 .08 −19.78 1 .91135
175 c/z −2.08 −19.78 1 .91135
176 c/z −6.15 −18.92 1 .91135
177 c/z −9.94 −17.22 1 .91135
178 c/z −13.31 −14.78 1 .91135
179 c/z −16.09 −11.69 1 .91135
180 c/z −18.17 −8.09 1 .91135
181 c/z −19.45 −4.14 1 .91135
182 c/z −19.89 0 .00 1 .91135
183 c/z −19.45 4 .14 1 .91135
184 c/z −18.17 8 .09 1 .91135
185 c/z −16.09 11 .69 1 .91135
186 c/z −13.31 14 .78 1 .91135
187 c/z −9.94 17 .22 1 .91135
188 c/z −6.15 18 .92 1 .91135
189 c/z −2.08 19 .78 1 .91135
c
c g r ing
190 c/z 0 24 .26 1 .91135
191 c/z 4 .14 23 .5 1 .91135
192 c/z 8 .16 22 .42 1 .91135
193 c/z 11 .93 20 .67 1 .91135
194 c/z 15 .34 18 .28 1 .91135
195 c/z 18 .28 15 .34 1 .91135
120
196 c/z 20 .67 11 .93 1 .91135
197 c/z 22 .42 8 .16 1 .91135
198 c/z 23 .5 4 .14 1 .91135
199 c/z 23 .86 0 1.91135
200 c/z 23 .5 −4.14 1 .91135
201 c/z 22 .42 −8.16 1 .91135
202 c/z 20 .67 −11.93 1 .91135
203 c/z 18 .28 −15.34 1 .91135
204 c/z 15 .34 −18.28 1 .91135
205 c/z 11 .93 −20.67 1 .91135
206 c/z 8 .16 −22.42 1 .91135
207 c/z 4 .14 −23.5 1 .91135
208 c/z 0 −24.26 1 .91135
209 c/z −4.14 −23.5 1 .91135
210 c/z −8.16 −22.42 1 .91135
211 c/z −11.93 −20.67 1 .91135
212 c/z −15.34 −18.28 1 .91135
213 c/z −18.28 −15.34 1 .91135
214 c/z −20.67 −11.93 1 .91135
215 c/z −22.42 −8.16 1 .91135
216 c/z −23.5 −4.14 1 .91135
217 c/z −23.86 0 1.91135
218 c/z −23.5 4 .14 1 .91135
219 c/z −22.42 8 .16 1 .91135
220 c/z −20.67 11 .93 1 .91135
221 c/z −18.28 15 .34 1 .91135
222 c/z −15.34 18 .28 1 .91135
223 c/z −11.93 20 .67 1 .91135
224 c/z −8.16 22 .42 1 .91135
225 c/z −4.14 23 .5 1 .91135
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c bores p o s i t i o n s
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
230 c/z 9 .8428 1 .7939 0 .795 $ A
231 c/z 13.66774 1 .9939 0 .795 $ B
232 c/z 17.80976 1 .9539 0 .795 $ C
233 c/z 21.82832 1 .9539 0 .795 $ D
234 c/z 25.7786 1 .9539 0 .795 $ E
235 c/z 1 .27 10.3632 0 .795 $ F
236 c/z 0 17.95564 0 .795 $ L
237 c/z 0 21 .536 0 .795 $ M
238 c/z −9.8128 1 .7839 0 .795 $ −A
239 c/z −13.66774 1 .9939 0 .795 $ −B
240 c/z −17.80976 1 .9539 0 .795 $ −C
241 c/z −21.82832 1 .9539 0 .795 $ −D
121
242 c/z −25.7786 1 .9539 0 .795 $ −E
243 c/z 1 .27 −10.3632 0 .795 $ −F
244 c/z 0 −17.95564 0 .795 $ G
245 c/z 0 −21.536 0 .795 $ H
998 c/z 5 .4336 −1.6116 0 .795 $ Center 1
999 c/z −3.9382 −3.9382 0 .795 $ Center 3
1005 c/z 1 .4352 −5.4034 0 .795 $ Center 2
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%






2001 c/z 0 −17.95564 0 .71 $ Al outer rad iu s
2002 c/z 0 −17.95564 0 .575 $ Al inner rad iu s
2003 c/z 0 −17.95564 0 .0254 $ Al−Gold f o i l
2004 pz 36.38121 $ top o f the ho lder cap
2005 pz 33.21891 $ bottom o f the ho lder cap
2006 c/z 0 −17.95564 0 .8 $ Cap rad iu s
2007 pz 2 $ inner bottom o f the Al
2008 pz 2 .00316 $ top o f the Al−Gold f o i l
2009 pz 0 $ bottom o f the Al ho lder





2011 c/z −21.82832 1 .9539 0 .71 $ Al outer rad iu s
2012 c/z −21.82832 1 .9539 0 .575 $ Al inner rad iu s
2013 c/z −21.82832 1 .9539 0 .0254 $ Al−Gold f o i l
2014 pz 36.38121 $ top o f the ho lder cap
2015 pz 33.21891 $ bottom o f the ho lder cap
2016 c/z −21.82832 1 .9539 0 .8 $ Cap rad iu s
2017 pz 2 $ inner bottom o f the Al
2018 pz 2 .00279 $ top o f the Al−Gold f o i l
2019 pz 0 $ bottom o f the Al ho lder





2021 c/z 0 17.95564 0 .71 $ Al outer rad iu s
2022 c/z 0 17.95564 0 .575 $ Al inner rad iu s
2023 c/z 0 17.95564 0 .0254 $ Al−Gold f o i l
2024 pz 36.38121 $ top o f the ho lder cap
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2025 pz 33.21891 $ bottom o f the ho lder cap
2026 c/z 0 17.95564 0 .8 $ Cap rad iu s
2027 pz 2 $ inner bottom o f the Al
2028 pz 2 .00285 $ top o f the Al−Gold f o i l
2029 pz 0 $ bottom o f the Al ho lder





2031 c/z −17.80976 1 .9539 0 .71 $ Al outer rad iu s
2032 c/z −17.80976 1 .9539 0 .575 $ Al inner rad iu s
2033 c/z −17.80976 1 .9539 0 .0254 $ Al−Gold f o i l
2034 pz 36.38121 $ top o f the ho lder cap
2035 pz 33.21891 $ bottom o f the ho lder cap
2036 c/z −17.80976 1 .9539 0 .8 $ Cap rad iu s
2037 pz 2 $ inner bottom o f the Al
2038 pz 2 .00284 $ top o f the Al−Gold f o i l
2039 pz 0 $ bottom o f the Al ho lder





2041 c/z 17.80976 1 .9539 0 .71 $ Al outer rad iu s
2042 c/z 17.80976 1 .9539 0 .575 $ Al inner rad iu s
2043 c/z 17.80976 1 .9539 0 .0254 $ Al−Gold f o i l
2044 pz 36.38121 $ top o f the ho lder cap
2045 pz 33.21891 $ bottom o f the ho lder cap
2046 c/z 17.80976 1 .9539 0 .8 $ Cap rad iu s
2047 pz 2 $ inner bottom o f the Al
2048 pz 2 .00267 $ top o f the Al−Gold f o i l
2049 pz 0 $ bottom o f the Al ho lder





2051 c/z 21.82832 1 .9539 0 .71 $ Al outer rad iu s
2052 c/z 21.82832 1 .9539 0 .575 $ Al inner rad iu s
2053 c/z 21.82832 1 .9539 0 .0254 $ Al−Gold f o i l
2054 pz 36.38121 $ top o f the ho lder cap
2055 pz 33.21891 $ bottom o f the ho lder cap
2056 c/z 21.82832 1 .9539 0 .8 $ Cap rad iu s
2057 pz 2 $ inner bottom o f the Al
2058 pz 2 .00283 $ top o f the Al−Gold f o i l
2059 pz 0 $ bottom o f the Al ho lder
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2061 c/z 0 21 .536 0 .71 $ Al outer rad iu s
2062 c/z 0 21 .536 0 .575 $ Al inner rad iu s
2063 c/z 0 21 .536 0 .0254 $ Al−Gold f o i l
2064 pz 36.38121 $ top o f the ho lder cap
2065 pz 33.21891 $ bottom o f the ho lder cap
2066 c/z 0 21 .536 0 .8 $ Cap rad iu s
2067 pz 2 $ inner bottom o f the Al
2068 pz 2 .00307 $ top o f the Al−Gold f o i l
2069 pz 0 $ bottom o f the Al ho lder





2071 c/z 0 −21.536 0 .71 $ Al outer rad iu s
2072 c/z 0 −21.536 0 .575 $ Al inner rad iu s
2073 c/z 0 −21.536 0 .0254 $ Al−Gold f o i l
2074 pz 36.38121 $ top o f the ho lder cap
2075 pz 33.21891 $ bottom o f the ho lder cap
2076 c/z 0 −21.536 0 .8 $ Cap rad iu s
2077 pz 2 $ inner bottom o f the Al
2078 pz 2 .00310 $ top o f the Al−Gold f o i l
2079 pz 0 $ bottom o f the Al ho lder





2081 c/z 25.7786 1 .9539 0 .71 $ Al outer rad iu s
2082 c/z 25.7786 1 .9539 0 .575 $ Al inner rad iu s
2083 c/z 25.7786 1 .9539 0 .0254 $ Al−Gold f o i l
2084 pz 36.38121 $ top o f the ho lder cap
2085 pz 33.21891 $ bottom o f the ho lder cap
2086 c/z 25.7786 1 .9539 0 .8 $ Cap rad iu s
2087 pz 2 $ inner bottom o f the Al
2088 pz 2 .00314 $ top o f the Al−Gold f o i l
2089 pz 0 $ bottom o f the Al ho lder






2091 c/z −25.7786 1 .9539 0 .71 $ Al outer rad iu s
2092 c/z −25.7786 1 .9539 0 .575 $ Al inner rad iu s
2093 c/z −25.7786 1 .9539 0 .0254 $ Al−Gold f o i l
2094 pz 36.38121 $ top o f the ho lder cap
2095 pz 33.21891 $ bottom o f the ho lder cap
2096 c/z −25.7786 1 .9539 0 .8 $ Cap rad iu s
2097 pz 2 $ inner bottom o f the Al
2098 pz 2 .00303 $ top o f the Al−Gold f o i l
2099 pz 0 $ bottom o f the Al ho lder





2101 c/z 5 .4336 −1.6116 0 .71 $ Al outer rad iu s
2102 c/z 5 .4336 −1.6116 0 .575 $ Al inner rad iu s
2103 c/z 5 .4336 −1.6116 0 .0254 $ Al−Gold f o i l
2104 pz 36.38121 $ top o f the ho lder cap
2105 pz 33.21891 $ bottom o f the ho lder cap
2106 c/z 5 .4336 −1.6116 0 .8 $ Cap rad iu s
2107 pz 2 $ inner bottom o f the Al
2108 pz 2 .0031 $ top o f the Al−Gold f o i l
2109 pz 0 $ bottom o f the Al ho lder





2111 c/z 9 .8428 1 .7939 0 .71 $ Al outer rad iu s
2112 c/z 9 .8428 1 .7939 0 .575 $ Al inner rad iu s
2113 c/z 9 .8428 1 .7939 0 .0254 $ Al−Gold f o i l
2114 pz 36.38121 $ top o f the ho lder cap
2115 pz 33.21891 $ bottom o f the ho lder cap
2116 c/z 9 .8428 1 .7939 0 .8 $ Cap rad iu s
2117 pz 2 $ inner bottom o f the Al
2118 pz 2 .00318 $ top o f the Al−Gold f o i l
2119 pz 0 $ bottom o f the Al ho lder





2121 c/z −3.9382 −3.9382 0 .71 $ Al outer rad iu s
2122 c/z −3.9382 −3.9382 0 .575 $ Al inner rad iu s
2123 c/z −3.9382 −3.9382 0 .0254 $ Al−Gold f o i l
2124 pz 36.38121 $ top o f the ho lder cap
2125 pz 33.21891 $ bottom o f the ho lder cap
125
2126 c/z −3.9382 −3.9382 0 .8 $ Cap rad iu s
2127 pz 2 $ inner bottom o f the Al
2128 pz 2 .00339 $ top o f the Al−Gold f o i l
2129 pz 0 $ bottom o f the Al ho lder





2131 c/z 1 .4352 −5.4034 0 .71 $ Al outer rad iu s
2132 c/z 1 .4352 −5.4034 0 .575 $ Al inner rad iu s
2133 c/z 1 .4352 −5.4034 0 .0254 $ Al−Gold f o i l
2134 pz 36.38121 $ top o f the ho lder cap
2135 pz 33.21891 $ bottom o f the ho lder cap
2136 c/z 1 .4352 −5.4034 0 .8 $ Cap rad iu s
2137 pz 2 $ inner bottom o f the Al
2138 pz 2 .00286 $ top o f the Al−Gold f o i l
2139 pz 0 $ bottom o f the Al ho lder
2140 pz 2 $ bottom o f the Al−Gold f o i l
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c Centra l Thimble
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
300 cz 1 .7526
301 cz 1 .905
302 pz 750 $ top o f c t
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c tank l i n e r
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
410 cz 26 .67 $ inner s u r f a c e
411 cz 27 .305 $ outer s u r f a c e
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%















425 cz 37 .465 $outer s u r f a c e o f outer wa l l
c 426 pz 31.9489 $ top o f a i r por t i on o f l a zy susan
427 pz 4 .6439 $ lower s u r f a c e o f bottom s u r f a c e
428 pz 5 .2789 $ upper s u r f a c e o f bottom s u r f a c e
429 cz 29 .845 $ outer s u r f a c e o f inner wa l l
310 cz 30 .48 $ inner su f a c e o f inner wa l l
311 cz 36 .83 $ inner s u r f a c e o f outer wa l l
312 pz 26 .416 $ upper s u r f a c e o f 1 in gap
313 pz 31.3139 $ inner s u r f a c e o f top o f a i r por t i on
314 pz 41.4739 $ very top o f l a zy susan
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c c o n t r o l rods
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
430 pz 72.1136 $59 .5406 $ upper move l i m i t on c o n t r o l rods
431 pz −77.061 $ −51.4828 $lower move l i m i t on c o n t r o l rods
c
c shim I , I I , and reg rod
450 cz 1 .69545 $ inner s u r f a c e o f c ladd ing
451 cz 1 .74625 $ outer s u r f a c e o f c ladd ing
452 pz −77.0606
453 cz 1 .69544 $ poison s u r f a c e f o r reg rod
472 cz 0 .68872 $ Poison f o r shim 1 Region 1
480 cz 1 .22925 $ Region 2
481 cz 1 .50638 $ Region 3
482 cz 1 .64914 $ Region 4
473 cz 1 .47259 $ Poison f o r shim 2
483 cz 1 .57542 $ Region 2
484 cz 1 .64335 $ Region 3
485 cz 1 .68246 $ Region 4
454 pz −75.7398 $ bottome s u r f a c e o f bottom graph i t e
455 pz −61.7696 $ bottom s u r f a c e o f s t a i n l e s s s t e e l spacer
456 pz −59.2298 $ bottom s u r f a c e o f f u e l
457 pz −21.1298 $ bottom s u r f a c e o f s t a i n l e s s s t e e l spacer
458 pz −19.8598 $ bottom s u r f a c e o f po i son
459 pz 18.2402 $ top s u r f a c e o f po i son
460 pz 19.5102 $ bottom s u r f a c e o f top graph i t e
461 pz 28.7622 $ top s u r f a c e o f top graph i t e
462 pz 34.0136
c




476 pz 8 .7152
c
c t r a n s c i e n t
464 pz −20.4948 $bottom s u r f a c e o f a l spacer
465 pz −19.2248 $ bottom s u r f a c e o f po i son
466 pz 18.8752 $ top s u r f a c e o f po i son
467 pz 20.1452 $ bottom s u r f a c e o f g raph i t e
468 pz 29.6702 $ top s u r f a c e o f g raph i t e
469 cz 1 .5875 $ outer s u r f a c e o f c ladd ing
470 cz 1 .42875 $ c ladd ing inner s u r f a c e
471 cz 1 .13556 $ poison f o r Region 1
486 cz 1 .28442 $ poison f o r Region 2
487 cz 1 .36849 $ poison f o r Region 3
488 cz 1 .25724 $ Poison f o r Region 4
c




479 pz 9 .3502
c
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c g r i d p l a t e h o r i z o n t a l l i n e s
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
500 pz 31.3139 $bottom s u r f a c e o f top g r id




c tube around f l u x f o i l s in CT
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
c
510 cz 1 .27
511 cz 1 .42875
c
c 8 inch can
512 pz 9 .81




c 12 inch can
c 512 pz 13 .97
c 513 pz 15 .24
c 514 pz −13.97








600 c/z 66 0 8 .89 $tube with inner rad iu s o f 4 inche s
601 c/z 66 0 10 .16 $outer rad iu s o f tube , 1 / 4 in th i ck
602 pz 687 .07 $top o f tube ( l ength o f tube in cm 782 .32)
603 pz −30.5 $ s u r f a c e f o r l ead
604 pz 60 $ s u r f a c e f o r f 2 t a l l y f o r new source de f
605 c/z 66 0 . 5
606 c/z 66 0 1
607 c/z 66 0 1 .5
608 c/z 66 0 2
609 c/z 66 0 2 .5
610 c/z 66 0 3
611 c/z 66 0 3 .5
612 c/z 66 0 4
613 c/z 66 0 4 .5
614 c/z 66 0 5
615 c/z 66 0 5 .5
616 c/z 66 0 6
617 c/z 66 0 6 .5
618 c/z 66 0 7
619 c/z 66 0 7 .5






1000 cz 115 .57 $231 .14
1001 pz −96.7486









c trans forms f o r f u e l rods
c %%%%%%%%%%%%%%%%%%%%%%%%%%%%
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c x y z
c b r ing
t r1 1 .05 3 .91 0 .00
t r2 3 .91 1 .05 0 .00
t r3 2 .87 −2.87 0 .00
t r4 −1.05 −3.91 0 .00
t r5 −3.91 −1.05 0 .00
t r6 −2.87 2 .87 0 .00
c c r ing
c 7−18
t r7 3 .99 6 .91 0 .00
t r8 6 .91 3 .99 0 .00
t r9 7 .68 0 .00 0 .00
t r10 6 .91 −3.99 0 .00
t r11 3 .99 −6.91 0 .00
t r12 −3.99 −6.91 0 .00
t r13 −6.91 −3.99 0 .00
t r14 −7.68 0 .00 0 .00
t r15 −6.91 3 .99 0 .00
t r16 −3.99 6 .91 0 .00
c
c d r ing
t r21 2 .07 11 .30 0 .00
t r22 5 .97 10 .35 0 .00
t r23 9 .15 7 .68 0 .00
t r24 11 .25 4 .26 0 .00
t r25 11 .22 −4.08 0 .00
t r26 9 .15 −7.68 0 .00
t r27 5 .97 −10.35 0 .00
t r28 2 .22 −11.77 0 .00
t r29 −2.07 −11.30 0 .00
t r30 −5.97 −10.35 0 .00
t r31 −9.15 −7.68 0 .00
t r32 −11.22 −4.08 0 .00
t r33 −11.25 4 .26 0 .00
t r34 −9.15 7 .68 0 .00
t r35 −5.97 10 .35 0 .00
t r36 −2.22 11 .77 0 .00
c
c e r ing
t r37 4 .12 15 .37 0 .00
t r38 7 .96 13 .78 0 .00
t r39 11 .25 11 .25 0 .00
t r40 13 .78 7 .96 0 .00
t r41 15 .37 4 .12 0 .00
t r42 15 .92 0 .00 0 .00
t r43 15 .37 −4.12 0 .00
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t r44 13 .78 −7.96 0 .00
t r45 11 .25 −11.25 0 .00
t r46 7 .96 −13.78 0 .00
t r47 4 .21 −15.20 0 .00
t r48 0 .24 −15.20 0 .00
t r49 −4.12 −15.37 0 .00
t r50 −7.96 −13.78 0 .00
t r51 −11.25 −11.25 0 .00
t r52 −13.78 −7.96 0 .00
t r53 −15.37 −4.12 0 .00
t r54 −15.92 0 .00 0 .00
t r55 −15.37 4 .12 0 .00
t r56 −13.78 7 .96 0 .00
t r57 −11.25 11 .25 0 .00
t r58 −7.96 13 .78 0 .00
t r59 −0.24 15 .20 0 .00
t r60 −4.21 15 .20 0 .00
c
c f r i ng
t r61 2 .08 19 .78 0
tr62 6 .15 18 .92 0
tr63 9 .94 17 .22 0
tr64 13 .31 14 .78 0
tr65 16 .09 11 .69 0
tr66 18 .17 8 .09 0
tr67 19 .45 4 .14 0
tr68 19 .89 0 0
tr69 19 .45 −4.14 0
tr70 18 .17 −8.09 0
tr71 16 .09 −11.69 0
tr72 13 .31 −14.78 0
tr73 9 .94 −17.22 0
tr74 6 .15 −18.92 0
tr75 2 .08 −19.78 0
tr76 −2.08 −19.78 0
tr77 −6.15 −18.92 0
tr78 −9.94 −17.22 0
tr79 −13.31 −14.78 0
tr80 −16.09 −11.69 0
tr81 −18.17 −8.09 0
tr82 −19.45 −4.14 0
tr83 −19.89 0 0
tr84 −19.45 4 .14 0
tr85 −18.17 8 .09 0
tr86 −16.09 11 .69 0
tr87 −13.31 14 .78 0
tr88 −9.94 17 .22 0
131
t r89 −6.15 18 .92 0
tr90 −2.08 19 .78 0
c
c Corrected so that 91 i s the top and moves c l o ckw i s e around the r ing
c g r ing
t r91 0 24 .26 0
tr92 4 .14 23 .5 0
t r93 8 .16 22 .42 0
tr94 11 .93 20 .67 0
tr95 15 .34 18 .28 0
tr96 18 .28 15 .34 0
tr97 20 .67 11 .93 0
tr98 22 .42 8 .16 0
tr99 23 .5 4 .14 0
tr100 23 .86 0 0
tr101 23 .5 −4.14 0
tr102 22 .42 −8.16 0
tr103 20 .67 −11.93 0
tr104 18 .28 −15.34 0
tr105 15 .34 −18.28 0
tr106 11 .93 −20.67 0
tr107 8 .16 −22.42 0
tr108 4 .14 −23.5 0
tr109 0 −24.26 0
tr110 −4.14 −23.5 0
tr111 −8.16 −22.42 0
tr112 −11.93 −20.67 0
tr113 −15.34 −18.28 0
tr114 −18.28 −15.34 0
tr115 −20.67 −11.93 0
tr116 −22.42 −8.16 0
tr117 −23.5 −4.14 0
tr118 −23.86 0 0
tr119 −23.5 4 .14 0
tr120 −22.42 8 .16 0
tr121 −20.67 11 .93 0
tr122 −18.28 15 .34 0
tr123 −15.34 18 .28 0
tr124 −11.93 20 .67 0
tr125 −8.16 22 .42 0
tr126 −4.14 23 .5 0
c
c
c c o n t r o l rod up and down movement
c to move to c o n t r o l rods up and down
c change the number in the z column .
c 26 .289 i s 690 un i t s up
132
c 18 .669 i s 490 un i t s up
c pre 4/4/13 26 .480
c to change to p o s i t i o n to a s p e c i f i c pos t i on z : z=( un i t s /1000) ∗15∗2.54
c t r x y z −−−−−−−−−−−−−−−−−−−−−
t r201 11.9456 0 32.5525 $ shim 1
tr202 −11.9456 0 .0 32 .5525 $ shim 2 27.1272
tr203 0 .0 −7.98068 32.5525 $ t rans
tr204 0 .0 7 .98068 32.5525 $ reg
c
c Mater ia l
c ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗




m2 6000.20 c 1 $ graph i t e
c
c ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
c Al used in the core
































c 304L s t a i n l e s s s t e e l used throughout the core
m4 6000.20 c −0.00031519 $ carbon at .03%













25055.20 c −.020 $ Manganese at 2%
14028.20 c −0.00691722 $ s i l i c o n at .75%
14029.20 c −3.5124E−4
14030.20 c −2.3154E−4
7014.20 c −9.9632E−4 $ Nitrogen at .1%
7015.20 c −3.68E−6
15031.20 c −.00045 $ Phosphorus at .045 %






c Al c ladd ing
































c 304L s t a i n l e s s s t e e l c l add ing
m21 6000.21 c −0.00031519 $ carbon at .03%













25055.21 c −.020 $ Manganese at 2%
14028.21 c −0.00691722 $ s i l i c o n at .75%
14029.21 c −3.5124E−4
14030.21 c −2.3154E−4
7014.21 c −9.9632E−4 $ Nitrogen at .1%
7015.21 c −3.68E−6
15031.21 c −.00045 $ Phosphorus at .045 %






m5 40090.06 c 0 .5145
40091.06 c 0 .1122
40092.06 c 0 .1715
135
40094.06 c 0 .1738
40096.06 c 0 .028
c ∗∗∗∗∗∗∗ UZr−H 8 wt% w/ burnup ∗∗∗∗∗∗∗∗∗∗
c
c burn up @ 4.18% Sm−149 and Ba−134 and Mo−95 c a l c
c ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ F r ing ∗∗∗∗∗∗∗∗∗∗∗∗∗∗
m101 40090.07 c 2 .5294E−01
40091.07 c 5 .5160E−02
40092.07 c 8 .4314E−02
40094.07 c 8 .5445E−02
40096.07 c 1 .3766E−02
1001.07 c 4 .9163E−01
92238.07 c 1 .3292E−02
92235.07 c 3 .1696E−03
42095.07 c 4 .3732E−05
40094.07 c 1 .5042E−05
40093.07 c 1 .4763E−05
40096.07 c 1 .4740E−05
43099.07 c 1 .4205E−05
40092.07 c 1 .3996E−05
40091.07 c 1 .3554E−05
38090.07 c 1 .3438E−05
54134.07 c 1 .5785E−05
56138.07 c 1 .3644E−05
55133.07 c 1 .3504E−05
55135.07 c 1 .3184E−05
57139.07 c 1 .2924E−05
54136.07 c 1 .2724E−05
58140.07 c 1 .2544E−05
55137.07 c 1 .2484E−05
60143.07 c 1 .2024E−05
59141.07 c 1 .1804E−05
58142.07 c 1 .1804E−05
62149.07 c 7 .2023E−07
c
c
c burn up @ 2.16 Sm−149 and Ba−134 and Mo−95 c a l c
c ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ G r ing ∗∗∗∗∗∗∗∗∗∗∗∗∗∗
m106 40090.09 c 2 .5296E−01
40091.09 c 5 .5164E−02
40092.09 c 8 .4320E−02
40094.09 c 8 .5450E−02
40096.09 c 1 .3766E−02
1001.09 c 4 .9166E−01
92238.09 c 1 .3293E−02
92235.09 c 3 .2374E−03
42095.09 c 2 .3123E−05
136
40094.09 c 7 .9536E−06
40093.09 c 7 .8060E−06
40096.09 c 7 .7938E−06
43099.09 c 7 .5110E−06
40092.09 c 7 .4004E−06
40091.09 c 7 .1668E−06
38090.09 c 7 .1053E−06
54134.09 c 8 .3460E−06
56138.09 c 7 .2142E−06
55133.09 c 7 .1402E−06
55135.09 c 6 .9709E−06
57139.09 c 6 .8334E−06
54136.09 c 6 .7276E−06
58140.09 c 6 .6324E−06
55137.09 c 6 .6007E−06
60143.09 c 6 .3574E−06
59141.09 c 6 .2411E−06
58142.09 c 6 .2411E−06
62149.09 c 7 .2027E−07
c
c
c ∗∗∗∗∗∗∗ UZr−H 8.5 wt% w/ burnup ∗∗∗∗∗∗∗∗∗∗∗∗
c the f u e l i s 19.75% enr i ched f u e l at 8 .5 weight percent
c
c burn up @ 20.5% sm−149 and Ba−134 and Mo−99 Calc
c ∗∗∗∗∗∗∗∗ B RING ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
m100 40090.01 c 1 .8790E−01
40091.01 c 4 .0977E−02
40092.01 c 6 .2634E−02
40094.01 c 6 .3474E−02
40096.01 c 1 .0226E−02
1001.01 c 6 .2087E−01
92238.01 c 1 .0629E−02
92235.01 c 2 .0044E−03
42095.01 c 1 .9661E−04
40094.01 c 6 .7628E−05
40093.01 c 6 .6373E−05
40096.01 c 6 .6269E−05
43099.01 c 6 .3865E−05
40092.01 c 6 .2924E−05
40091.01 c 6 .0938E−05
38090.01 c 6 .0415E−05
54134.01 c 7 .0964E−05
56138.01 c 6 .1341E−05
55133.01 c 6 .0711E−05
55135.01 c 5 .9272E−05
57139.01 c 5 .8103E−05
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54136.01 c 5 .7204E−05
58140.01 c 5 .6394E−05
55137.01 c 5 .6125E−05
60143.01 c 5 .4056E−05
59141.01 c 5 .3067E−05
58142.01 c 5 .3067E−05
62149.01 c 5 .7595E−07
c
c burn up @ 19.0% sm−149 and Ba−134 and Mo−99 Calc
c ∗∗∗∗∗∗∗∗∗∗ C RING ∗∗∗∗∗∗∗∗∗∗∗∗∗∗
m102 40090.02 c 1 .8788E−01
40091.02 c 4 .0972E−02
40092.02 c 6 .2627E−02
40094.02 c 6 .3467E−02
40096.02 c 1 .0225E−02
1001.02 c 6 .2079E−01
92238.02 c 1 .0628E−02
92235.02 c 1 .8883E−03
42095.02 c 2 .3189E−04
40094.02 c 7 .9763E−05
40093.02 c 7 .8283E−05
40096.02 c 7 .8160E−05
43099.02 c 7 .5325E−05
40092.02 c 7 .4215E−05
40091.02 c 7 .1873E−05
38090.02 c 7 .1256E−05
54134.02 c 8 .3698E−05
56138.02 c 7 .2348E−05
55133.02 c 7 .1605E−05
55135.02 c 6 .9908E−05
57139.02 c 6 .8529E−05
54136.02 c 6 .7468E−05
58140.02 c 6 .6514E−05
55137.02 c 6 .6196E−05
60143.02 c 6 .3756E−05
59141.02 c 6 .2589E−05
58142.02 c 6 .2589E−05
62149.02 c 5 .7588E−07
c
c
c burn up @ 19.6% sm−149 and Ba−134 and Mo−99 Calc
c ∗∗∗∗∗∗∗∗∗∗ D RING ∗∗∗∗∗∗∗∗∗∗∗∗∗∗
m103 40090.04 c 1 .8792E−01
40091.04 c 4 .0981E−02
40092.04 c 6 .2641E−02
40094.04 c 6 .3481E−02
40096.04 c 1 .0227E−02
138
1001.04 c 6 .2093E−01
92238.04 c 1 .0630E−02
92235.04 c 2 .1061E−03
42095.04 c 1 .6567E−04
40094.04 c 5 .6986E−05
40093.04 c 5 .5929E−05
40096.04 c 5 .5841E−05
43099.04 c 5 .3815E−05
40092.04 c 5 .3022E−05
40091.04 c 5 .1349E−05
38090.04 c 5 .0908E−05
54134.04 c 5 .9797E−05
56138.04 c 5 .1688E−05
55133.04 c 5 .1158E−05
55135.04 c 4 .9945E−05
57139.04 c 4 .8960E−05
54136.04 c 4 .8202E−05
58140.04 c 4 .7520E−05
55137.04 c 4 .7293E−05
60143.04 c 4 .5550E−05
59141.04 c 4 .4716E−05
58142.04 c 4 .4716E−05
62149.04 c 5 .7601E−07
c
c
c burn up @ 28.7% sm−149 and Ba−134 and Mo−99 Calc
c ∗∗∗∗∗∗∗∗∗∗ E RING ∗∗∗∗∗∗∗∗∗∗∗∗∗∗
m104 40090.06 c 1 .8788E−01
40091.06 c 4 .0971E−02
40092.06 c 6 .2625E−02
40094.06 c 6 .3465E−02
40096.06 c 1 .0225E−02
1001.06 c 6 .2078E−01
92238.06 c 1 .0628E−02
92235.06 c 1 .8586E−03
42095.06 c 2 .4092E−04
40094.06 c 8 .2868E−05
40093.06 c 8 .1331E−05
40096.06 c 8 .1203E−05
43099.06 c 7 .8257E−05
40092.06 c 7 .7104E−05
40091.06 c 7 .4671E−05
38090.06 c 7 .4030E−05
54134.06 c 8 .6956E−05
56138.06 c 7 .5164E−05
55133.06 c 7 .4393E−05
55135.06 c 7 .2630E−05
139
57139.06 c 7 .1197E−05
54136.06 c 7 .0095E−05
58140.06 c 6 .9103E−05
55137.06 c 6 .8773E−05
60143.06 c 6 .6238E−05
59141.06 c 6 .5026E−05
58142.06 c 6 .5026E−05
62149.06 c 5 .7587E−07
c
c
c burn up @ 33.7% sm−149 and Ba−134 and Mo−99 Calc
c ∗∗∗∗∗∗∗∗∗∗ G RING ∗∗∗∗∗∗∗∗∗∗∗∗∗∗
m105 40090.08 c 1 .8785E−01
40091.08 c 4 .0965E−02
40092.08 c 6 .2616E−02
40094.08 c 6 .3456E−02
40096.08 c 1 .0223E−02
1001.08 c 6 .2069E−01
92238.08 c 1 .0626E−02
92235.08 c 1 .7129E−03
42095.08 c 2 .8521E−04
40094.08 c 9 .8104E−05
40093.08 c 9 .6284E−05
40096.08 c 9 .6133E−05
43099.08 c 9 .2645E−05
40092.08 c 9 .1280E−05
40091.08 c 8 .8399E−05
38090.08 c 8 .7641E−05
54134.08 c 1 .0294E−04
56138.08 c 8 .8984E−05
55133.08 c 8 .8071E−05
55135.08 c 8 .5983E−05
57139.08 c 8 .4287E−05
54136.08 c 8 .2982E−05
58140.08 c 8 .1808E−05
55137.08 c 8 .1417E−05
60143.08 c 7 .8416E−05
59141.08 c 7 .6981E−05
58142.08 c 7 .6981E−05
62149.08 c 5 .7578E−07
c
c
c ∗∗∗∗∗ UZr−H 12 wt% w/ burnup B−Ring ∗∗∗∗∗∗∗∗∗∗∗∗∗
c burn up at 11.0% Sm−149 and Ba−134 and Mo−95 from c a l c
m90 40090.03 c 1 .8677E−01
40091.03 c 4 .0729E−02
40092.03 c 6 .2255E−02
140
40094.03 c 6 .3090E−02
40096.03 c 1 .0164E−02
1001.03 c 6 .1711E−01
92238.03 c 1 .5508E−02
92235.03 c 3 .3449E−03
42095.03 c 1 .5869E−04
40094.03 c 5 .4584E−05
40093.03 c 5 .3571E−05
40096.03 c 5 .3487E−05
43099.03 c 5 .1547E−05
40092.03 c 5 .0787E−05
40091.03 c 4 .9184E−05
38090.03 c 4 .8762E−05
54134.03 c 5 .7277E−05
56138.03 c 4 .9509E−05
55133.03 c 4 .9001E−05
55135.03 c 4 .7840E−05
57139.03 c 4 .6896E−05
54136.03 c 4 .6170E−05
58140.03 c 4 .5517E−05
55137.03 c 4 .5299E−05
60143.03 c 4 .3630E−05
59141.03 c 4 .2831E−05
58142.03 c 4 .2831E−05




c ∗∗∗∗∗∗∗∗ UZr−H 12 wt% w/ burnup C−Ring ∗∗∗∗∗∗∗∗∗∗∗∗∗
c burn up at 11.0% Sm−149 and Ba−134 and Mo−95 from c a l c
m91 40090.05 c 1 .8675E−01
40091.05 c 4 .0725E−02
40092.05 c 6 .2249E−02
40094.05 c 6 .3083E−02
40096.05 c 1 .0163E−02
1001.05 c 6 .1704E−01
92238.05 c 1 .5507E−02
92235.05 c 3 .2405E−03
42095.05 c 1 .9041E−04
40094.05 c 6 .5494E−05
40093.05 c 6 .4279E−05
40096.05 c 6 .4178E−05
43099.05 c 6 .1849E−05
40092.05 c 6 .0938E−05
40091.05 c 5 .9015E−05
38090.05 c 5 .8509E−05
54134.05 c 6 .8725E−05
141
56138.05 c 5 .9405E−05
55133.05 c 5 .8796E−05
55135.05 c 5 .7402E−05
57139.05 c 5 .6270E−05
54136.05 c 5 .5399E−05
58140.05 c 5 .4615E−05
55137.05 c 5 .4354E−05
60143.05 c 5 .2350E−05
59141.05 c 5 .1392E−05
58142.05 c 5 .1392E−05
62149.05 c 8 .4024E−07
c
c
c burn up @ 21.0% sm−149 and Ba−134 and Mo−99 Calc
c ∗∗∗∗∗∗∗∗∗∗ Reg rod ∗∗∗∗∗∗∗∗∗∗∗∗∗∗
m107 40090.02 c 1 .8791E−01
40091.02 c 4 .0980E−02
40092.02 c 6 .2638E−02
40094.02 c 6 .3478E−02
40096.02 c 1 .0227E−02
1001.02 c 6 .2090E−01
92238.02 c 1 .0630E−02
92235.02 c 2 .0667E−03
42095.02 c 1 .7768E−04
40094.02 c 6 .1115E−05
40093.02 c 5 .9981E−05
40096.02 c 5 .9887E−05
43099.02 c 5 .7714E−05
40092.02 c 5 .6864E−05
40091.02 c 5 .5069E−05
38090.02 c 5 .4597E−05
54134.02 c 6 .4130E−05
56138.02 c 5 .5433E−05
55133.02 c 5 .4865E−05
55135.02 c 5 .3564E−05
57139.02 c 5 .2508E−05
54136.02 c 5 .1695E−05
58140.02 c 5 .0963E−05
55137.02 c 5 .0720E−05
60143.02 c 4 .8850E−05
59141.02 c 4 .7956E−05
58142.02 c 4 .7956E−05
62149.02 c 5 .7599E−07
c
c
c burn up @ 19.0% sm−149 and Ba−134 and Mo−99 Calc
c ∗∗∗∗∗∗∗∗∗∗ Shim 1 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗
142
m108 40090.04 c 1 .8793E−01
40091.04 c 4 .0982E−02
40092.04 c 6 .2642E−02
40094.04 c 6 .3482E−02
40096.04 c 1 .0227E−02
1001.04 c 6 .2094E−01
92238.04 c 1 .0631E−02
92235.04 c 2 .1330E−03
42095.04 c 1 .5750E−04
40094.04 c 5 .4173E−05
40093.04 c 5 .3169E−05
40096.04 c 5 .3085E−05
43099.04 c 5 .1159E−05
40092.04 c 5 .0406E−05
40091.04 c 4 .8815E−05
38090.04 c 4 .8396E−05
54134.04 c 5 .6846E−05
56138.04 c 4 .9137E−05
55133.04 c 4 .8633E−05
55135.04 c 4 .7480E−05
57139.04 c 4 .6544E−05
54136.04 c 4 .5823E−05
58140.04 c 4 .5175E−05
55137.04 c 4 .4959E−05
60143.04 c 4 .3302E−05
59141.04 c 4 .2509E−05
58142.04 c 4 .2509E−05
62149.04 c 5 .7602E−07
c
c
c burn up @ 44.0% sm−149 and Ba−134 and Mo−99 Calc
c ∗∗∗∗∗∗∗∗∗∗ Shim 2 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗
m109 40090.02 c 1 .8780E−01
40091.02 c 4 .0956E−02
40092.02 c 6 .2601E−02
40094.02 c 6 .3441E−02
40096.02 c 1 .0221E−02
1001.02 c 6 .2054E−01
92238.02 c 1 .0624E−02
92235.02 c 1 .4723E−03
42095.02 c 3 .5837E−04
40094.02 c 1 .2327E−04
40093.02 c 1 .2098E−04
40096.02 c 1 .2079E−04
43099.02 c 1 .1641E−04
40092.02 c 1 .1469E−04
40091.02 c 1 .1107E−04
143
38090.02 c 1 .1012E−04
54134.02 c 1 .2935E−04
56138.02 c 1 .1181E−04
55133.02 c 1 .1066E−04
55135.02 c 1 .0804E−04
57139.02 c 1 .0591E−04
54136.02 c 1 .0427E−04
58140.02 c 1 .0279E−04
55137.02 c 1 .0230E−04
60143.02 c 9 .8531E−05
59141.02 c 9 .6727E−05
58142.02 c 9 .6727E−05
62149.02 c 5 .7565E−07
c
c
c ∗∗∗ UZr−H 20% enr i ched U 12 w/ FRESH ! ! ! ! ∗∗∗∗∗∗
c the f u e l i s 20% enr i ched f u e l at 12 weight percent










c ∗∗∗ UZr−H 20% enr i ched U 8 w/ FRESH ! ! ! ! ∗∗∗∗∗∗
c the f u e l i s 20% enr i ched f u e l at 8 weight percent








c ∗∗∗ UZr−H 20% enr i ched U 8 .5 w/ FRESH ! ! ! ! ∗∗
c the f u e l i s 20% enr i ched f u e l at 8 .5 weight percent
















c Air ( dens i ty 1 .0467 e−3 g/ cc at STP)









c Al−Gold f o i l s f o r f l u x measurements
M11 79197.70 c 1 $Gold .001124
c 13027.70 c .998876 $ Aluminum .999945
c
c ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗




c rho =.540837g/cmˆ3 Lazy susan mix o f 80% a i r and 20% Aluminum a l l o y
m13 8016.70 c −0.0003561 7014.70 c −.00119216 $ a i r
13027.70 c −0.965503 $Al
26054.70 c −0.000315511 26056.70 c −0.00513903
26057.70 c −0.000120813 26058.70 c −1.59752e−5
14028.70 c −0.00733862 14029.70 c −.000386401
14030.70 c −0.000262593 12024.70 c −.0011
24050.70 c −8.38699e−5 24052.70 c −.00167141
24053.70 c −0.000192701 24054.70 c −4.89241e−5
25055.70 c −0.00129799 22048.70 c −.0006
28058.70 c −0.000268584 28060.70 c −.000106834
28061.70 c −4.99226e−6 28062.70 c −1.49768e−5
28064.70 c −3.99381e−6 29063.70 c −.00205182
29065.70 c −0.000943537 30000.70 c −.000998452
c
c ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
c Ho−155 f o r product ion measurements
c M14 67165.70 c 1
c
c ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
c g raph i t e in r e f l e c t o r
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c enr i ched boron
M20 5010.70 c 0 .75 $B10
5011.70 c 0 .25 $B11
c ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
mt1 lwtr . 20 t $ water sa lphabeta card
mt12 lwtr . 10 t $ water sa lphabeta card
mt2 grph .20 t $ g raph i t e sa lphabeta card
mt15 grph .20 t $ g raph i t e sa lphabeta card
mt90 h/ zr . 03 t zr /h .03 t $ 5728−1 sa lphabeta card
mt91 h/ zr . 05 t zr /h .05 t $ 5728−1 sa lphabeta card
mt100 h/ zr . 01 t zr /h .01 t $ 5728−1 sa lphabeta card
mt101 h/ zr . 07 t zr /h .07 t $ 5728−1 sa lphabeta card
mt102 h/ zr . 02 t zr /h .02 t $ 5728−1 sa lphabeta card
mt103 h/ zr . 04 t zr /h .04 t $ 5728−1 sa lphabeta card
mt104 h/ zr . 06 t zr /h .06 t $ 5728−1 sa lphabeta card
mt105 h/ zr . 08 t zr /h .08 t $ 5728−1 sa lphabeta card
mt106 h/ zr . 09 t zr /h .09 t $ 5728−1 sa lphabeta card
mt107 h/ zr . 02 t zr /h .02 t $ 5728−1 sa lphabeta card
mt108 h/ zr . 04 t zr /h .04 t $ 5728−1 sa lphabeta card
mt109 h/ zr . 02 t zr /h .02 t $ 5728−1 sa lphabeta card
mt110 h/ zr . 10 t zr /h .10 t $ 5728−1 sa lphabeta card
mt3 a l27 .20 t $aluminum sa lphabeta card
mt6 grph .20 t $ g raph i t e sa lphabeta card
mt13 a l27 .12 t $aluminium sa lphabeta card
mt22 a l27 .22 t $
c
c ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ Source D e f i n i t i o n
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
c
kcode 50000 1 .0 15 285 $285
c CTME 1600
c ks rc 9 0 0
c
c prdmp 0 −15 1 $c r ea t e mctal f i l e




s de f pos=0 0 0 axs=0 0 1 rad=D1 ext=d2
s i 1 h 0 26
s i 2 h −19 19
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